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ABSTRACT 
In February, 1976 D.O.E./J.P.L. funding was in i t ia ted  fo r  Motorola's 
low cost poly s i l icon  program. In the process, SiF4, a low cost by-prod1;ct 
is reacted with mg si l icon to form SiFZ gas which i s  polymerized. The 
(SiFz)x polymer i s  heated forming volat i le  Si F homologues wl.' 
X Y  
,ieh dis- 
proportionate (C.V.D. )  on a s i l icon par t ic le  bed forming s i l icon  and SiFq. 
During the i n i t i a l  phases of the investigation the s i l icon  analysis 
procedure re1 ied heavily on S.S.M.S. and E.S. analysis. These analysis 
demonstrated tha t  major purification had occurred and some samples were i n -  
distinguishable from setniconductor grade s i l icon (except possibly f o r  
phosphorus). However, more recent e lec t r ica l  analysis via 
crystal  growth reveal t ha t  the product contains compensated phosphorus 
and boron. Work on the control o r  removal of the e lec t r ica l ly  act ive ' 
donors and acceptors could yield a product sui table  for  solar  application. 
The low projected product cost and short  energy payback time suggest 
tha t  the economics of t h i s  process will resu l t  i n  a cost less  than the 
J.P,L./D.O.E. goal of $10/Kg. 
Finally, following a successful demonstration of the p i lo t  f a c i l i t y ,  
the process appears to  be readily scalable to  a major s i l icon purification 
as  was proposed by Motorola and R .  Katzen. 
1 .O INTRODUCTION 
1.1 Background 
In 1975 E.R.D.A. initiated the Low Cost Solar Silicon Array 
Project to demonstrate a technology capable of producing economically 
feasible photovol taic solar energy conversion. The basic goal was develop- 
nent of alternate advanced technologies capable of producing electrical 
3 
power at 50t/peak watt. For this goal to be attained, a research-intensive, 
multi-disciplined investigation was required. 
0 
The investigatior, was divided into 5 major tasks, the first o f  
which was the silicon materials task. The major goals of this task were: 
i) Low Cost Silicon Production (< $1O/Kg, 1975 $) 
i i  ) High Volume Production (>I000 metric ton/yr) 
C i i i )  High Purity (at least, "solar grade") 
iv) Short energy payback period (<I  year) \: 
1.2 &F2), Polymer Process 
In February 1976, JPL/DOE funding was initiated for Motorola's low 
cost si 1 icon purification project. The purpose of this investigation has 
been to convert metallurgical grade si 1 icon (mg Si ) into semiconductor grade 
silicon (sg Si) via a 3 step (SiF2)x polymer transport purification process. 
1 The first step involves the reaction of SiF4 with mg Si to yield gaseous 
SI F,: 
. 
This is followed by a polymer formation step. 2 
. \ 
Step 1 
Step 2 
The polymer is then converted into high purity silicon, SiF4 and higher 
\\ homo1 O ~ U ~ S .  3 
Step 3 
The various purification steps which a re  inherent to  t h i s  process 
are:  
i j A t  ~ 1 3 0 0 ~ ~  where the mg si l icon i s  converted into SiF2 very 
l i t t l e  fluorination of the impurities occurs because the Si-F bond energy 
of 142 kcal/mole i s  extremely strong. I t  would have t o  be broken t o  form 
another bond, t o  a different  element, which would in most cases be energetical- 
l y  unfavorable. 
i i )  Nearly a l l  the known metal fluorides that  a re  s table  and vola t i le  
a t  1 3 0 0 ~ ~  are e i the r  unstable or  non-volatile a t  room temperature. 
i i i )  Finally in the condensation/po1ymerization step a t  temperatures 
lower than -45 '~ only those impurities which are  l iquids or sol ids  a t  tha t  
temperature will be incorporated. For example, Margrave e t .a l  . found tha t  
possible dopants such as BF3, PF3. PF5, AsF3, e t c .  would only incorporate into 
the polymeric fSiF2jx, i f  the condensation temperature was below the boil ing 
points of the impurities. 
1.3 Silicon Purity 
Chemical methods of s i l icon analysis were used extensively to  evaluate 
the product of the SiF4 transport  process. Emission spectroscopy (ES) and spark 
source mass spectroscopy (SSMS) were used for  semi-quantitative and quantitative 
analyses respectively. The limitations of these methods were established through 
a sample exchange w i t h  other contractors. 
Other potentially sensit ive techniques, such as neutron activation 
analysis,  were investigated by JPL, b u t  did not of fer  suf f ic ien t  r e l i a b i l i t y  
or economy to  be used during t h i s  project. 
* 
SSMS analysis of samples produced during t h i s  project were comparable 
w i t h  semiconductor grade (sg) s i l icon;  however, in the l d t t e r  stages of t h i s  
project in-house crystal  growth studies were undertaken to  more clear ly define 
- the e lec t r ica l  character and purity of the project. Samples of these c rys ta l s  
were supplied t o  JPL. The r e s i s t i v i t i e s  of these samples were near the low 
A*-% end of the useful so lar  ce l l  r e s i s t iv i ty  range and indicated compensation. 
.,,$". " 
Y 8, 
; ' /&; i 1.4 CostandEnergy Requirements f o r  Solar Silicon Production \C' t iJ I: For any process to  produce los t  cost s i l icon i t  must use a low cost 
I '  s t a r t ing  material. To reduce the cost even further one develops a system 
where the indirect  materials a re  recycled and the form of the indirect  
materials a t  the end of the cycle i s  d i rec t ly  usable for the next cycle 
(i .e., no high cos t  processing o r  indi rec t  materials purification s teps) .  
The (SiF2)x polymer purification processes meet a1 1 three of these c r i t e r i a .  
In th i s  process, the s ta r t ing  material i s  mg si l icon sel l ing presently 
a t  $1.56/Kg, which i s  well within the cost goals. The indirect material i s  
SiFq Every year, the f e r t i l i z e r  companies of America produce millions of 
pounds of H2SiF6 by the fluorination of s i l i c a t e  rocks in the production 
of f e r t i l i z e r s .  H2SiF6 i s  readily converted into low cost high purity SiF4 
a s  recently demonstrated by S.R. I .  International .4  Consequently, with low 
cost mg Si and SiF4 as s ta r t ing  material (with SiF4 being recycled, 95-97%), 
the projected cost of s i l  icon production by the (SiF2)x polymer process i s  
much l e s s  than $lO/Kg Si. 
5 In 1978 Solarex Corporation published a report comparing energy 
payback periods for  a number of current techno1 ogies being funded by JPL/DOE . 
Figure 1.4 .l is a reprint  from t h a t  report .  The authors of that  report 
recognize the f ac t  tha t  i t  i s  d i f f i c u l t  t o  assess with high r e l i a b i l i t y  an 
absolute energy payback time on processes which are s t i l l  a t  the lab scale.  
Concerning the (SiF2)x polymer process they s t a t e  "The total  expenditure of 
about 30 kWh per Kg refined s i l icon may prove to  be an understatement i n  the 
future. Yet the indication tha t  t h i s  refinement process i s  very energy inex- 
pens i ve must be ac know1 edged. " 
.. 
1.5 Format of the Final Report 
The secion following the ~ntroduct ion has been t i t l e d  Technical Pre- 
sentations.  I t  i s  a composite of f ive  sections depicting the research and 
- 
development on the (SiF2), polymer transport  purification process over the l a s t  
three years. In the f ive  sections will be found descriptions of experimental 
apparatus and procedures o r  engineering, fo l l  owed by resul ts  from these 
experiments and discussions of the relevance of these results.  Following the 
Technical Presentation sectiorl a r e  sections on Concl usions and Recommendations 
and on New Technology. 
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I <3' 2 . 0  'TECHNICAL PRESENTATIONS 
- 2.1 Mass Spectral Study of. the Reaction o f  SiF4 w i t h  S i l i c o n  
2.1.1 In t roduc t ion  I 
I1 
The reac t ion  parameters and stoichiometry aqf' ,,ecting the formation 
of s i l i c o n  d i f l uo r i de  i n  the heterogeneous react ion 
have been studied i n  a flow system. The f low system data have been analyzed 
D i n  terms of quan t i t a t i ve l y  measurable system parameters and v i a  GC/MS f o r  
The product r a t i o s  have been examined t o  maximize 
o f  SiF2 from reactions. A thermodynamic analysis of r kac t ion  
I been conducted. The resu l t s  o f  t h i s  analysis are included i n  
I 
I \ 
Appendix I. \?! 
2 -8 / It was shown by Pease tha.t s i l i c o n  d i f l u o r i d e  gas (SiF2(g)) can . 
.--- C-  -' be conveniently prepared from s i l i c o n  and s i l i c o n  t e t r a f l u o r i d e  a t  low 1 sures (~50 t o r r )  and a t  temperatures ahnrn i n ~ n ~ r  1-  -A J 2  - 
i 
pres- 
- - -- ---.- m V w v  u. L I I ~ S ~ ?  stuales pease 
showed t h a t  SiF2 could be formed w i t h  a 50% y i e l d  from r p a r t r n t c  Unl~lqver, 
- 
-... . -."-."U,, "4. l l U W C  
i n  s p i t e  of coni iderable e f f o r t  d i rec ted  toward SiF2 comparatively , 
l i t t l e  work has focused on i n i  t i e l  SiF2 formation condit ions. 
i - 
, . 
The effects of SiF4 flow &.e, SiF4 pu r i t y ,  S i  p a r t i c l e  size, impur i t i es  
" i n  the  S i  charge, react ion temperature and react ion pressure on the s i l i c o n  
d i f l u o r i d e  formation reac t ion  have been examined. Our work has shown t h a t  con- 1 
s iderab le  enhancement i n  t he  y i e l d  o f  SiF2 can be obtained under optimized 
reac t ion  condi t ions.  
k' 1, 
2.1.2 Experimental 
4 
I (  2.1.2.1 Reaction System . . 
Figure 2.1.1 i s  a schematic diagram o f  the react ion system cons is t ing  
b a s i c a l l y  of a furnace, the S i  charge tube and two condensation traps. A 
h o r i z o n t a l l y  mounted 24 inch  Marshall h igh temperature resistance heated furnace 
I 
I Vacuum 
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Figure 2.1 .I Diagram of step 1 reactor adapted via line cf sight 'to 
mass spectrometer. 
\\ 
.was used t o  heat the s i l icon  to  temperatures up t o  1 3 5 0 ~ ~ .  The reaction 
tube consisted of a 1.5 inch quartz l i n e r  into which s i l icon chunks were 
1 packed. A Mullite outer-tube was employed as a sleeve around the quartz 
reaction tube thereby reducing major deformation of the quartz tube a t  
elevated temperatures. Temperature measurements were made with a P t / R h  
thermocouple located axia l ly  wi thiti the s i l icon charge material. 
In order to  remove possible surface contaminants, the s i l icon  charge 
I was subjected to  a 1 minute etch w i t h  a 5:1:1 mixture of 40% HF, conc. 
HN03 and ace t ic  acid, thoroughly rinsed i n  deionized water, dried undcr 
nitrogen and sized. Comnercial s i  1 i ckjn t e t r a f l  uoride (nominally 99.6% pure 
supplied by Synthatron Co.) was used as obtained or was purified t o  e l  iminate 
possible sulphur dioxide and oxygen contamination by passage over an iron 
0 3 
wire a t  800 C. 
SiF4 was monitored and introduced into the vacuum system by a Matheson 
flow control ler  a t  flows between 12.5 sccm and 400 sccm, The gases emerging 
from the quartz reaction tube were sampled by an in-line mass spectrometer 
u t i l i z ing  the  solid i n l e t  of the source detector. All mass spectral data were 
obtained with a model 3300 Finnigan Quadrupole integrated GC/MS/Data System 
mass spectrometer. The mass spectrometer was modified by the addition of a 
d ig i t a l  four place voltmeter for  accurate determination af voltages across the 
E. I. source. 
Rapid quenching of the remainder of the product gases was accompl ished 
by trapping the gases in two traps arranged in ser ies  with t rap temperatures 
of -78'~ and -196'~. The former was obtained with an isopropyl alcohol/carbon 
dioxide slush bath and the l a t t e r  with 1 iquid nitrogen. 
A conventional quartz and Pyrex vacuum system employing greaseless 
high vacuum Kontes Teflon spopcocks and greaseless o-ring joints  was used t o  
handle the vo la t i l e  products. 
1 .  
Residual background pressures of < l ~ - ~  t o r r  were typical.  
I 
7 
f 
t i 1 
i 2.1.2.2 S i l i c o n  Packing, 
I n  o rde r  t o  o b t a i n  a h i g h  t r a n s p o r t  e f f i c i ency ,  t h e  packing geometry 
/ 
and p a r t i c l e  s i z e  o f  t h e  s i l i c o n  charge w i t h i n  t h e  r e a c t o r  was var jed.  P a r t i c l e  
s i z e s  ranging from 22 mesh t o  5 mesh were found t o  be s u i t a b l e  under our  
1 
r e a c t i o n  cond i t ions .  
The packing procedure found t o  be most s u i t a b l e  was t o  p lace l a r g e  
d iameter  chunks (1-2 cm),,at t h e  ends of t he  furnace ho t  zone fo l lowed by 
In te rmed ia te  (0.2 - 1 cm) chunks. I n  t h e  center  o f  the  charge were p laced 
chunks o f  0.2 cm o r  less .  I t  should be noted t h a t  several packing geometries 
were found t o  work s a t i s f a c t o r i l y ,  and t h a t  t he  geometry chosen a l lowed a 
h i g h  SiF4 f low r a t e  w i thou t  t h e  e v o l u t i o n  of small  s i l i c o n  p a r t i c l e s  from 
the s i l i c o n  charge. L- 
2.1.2.3 Flow Charac te r i s t i cs  
Flow c h a r a c t e r i s t i c s  w i t h i n  the  s i l i c o n  charge ca lcu la ted  v i a  a modi f ied  
. - .  
,$ 1 Reynolds number stiowed t h a t ' t r a n s i t i o n a l  flo\v occurs l~over the  f l o w  ranges o f  4 
\ t V  S C C ~  t o  400 S C C ~ .  
2.1.2.4 Residence Times of Reactants and Products 
Residence times were determined by measuring f l ow  ra tes  and pressure 
drops across t h e  r e a c t o r  tube. Table 2.1-1 l i s t s  t.ypicall data c o l l e c t e d  a t  4 ,',% 1 3 5 0 ~ ~  f o r t h e  r e a c t i o n  SiF4 + S i  2SiF2. FY~-.J 
Table 2.1-1 Residence times of reac tants  and products 
SiFq Flow Rate 
sccm 
Residence 
Pressure. ( t o r r )  Time 
Upstream Downstream . (set 
a& 2.1.2.5 - SiF2 Detec t ion  
Ana lys is  of reac tan ts  and products emerging from t h e  r e a c t i o n  tube 
was accomplished by 1  i n e  of  s i g h t  mass spectroscopy i n  t h e  E. I. source mode. 
It was observed t h a t  when e l e c t r o n  vol tages were 221.0 the  s ~ F ~ '  i o n  
(m/B = 85) i s  t h e  most i n tense  i o n  peak i n  t h e  mass spectra o f  b o t h  SiF2 
and SiF4. Ev ident ly ,  considerable fragmentat ion and recombinat ion occurs 
r e s u l t i n g  i n  t h e  formation of t he  s ~ F ~ '  i o n  f rom SiF2. One poss ib le  r o u t e  
i s  
It i s  i n t e r e s t i n g  t o  no te  t h a t  the  magnitude o f  t he  s ~ F ~ + / s ~ F ~ +  r a t i o  
i n  t h e  mass spectrum of SiF2 a t  70 eV i s  much l e s s  than the  corresponding r a t i o  
f rom t h e  + iF4  spectra a l s o  obta ined a t  70 eV. This  suggests t h a t  t he  above 
t 
r e a c t i o n  sequence i s  n o t  t h e  o n l y  r o u t e  t o  the  fo rmat ion  o f  S i F j  f rom SiF2. 
Varying t h e  E. I. source e l e c t r o n  vo l tage  f rom 70 t o  15 eV w h i l e  reco rd ing  
+ -I" 
spectra o f  SiF2 revealed t h a t  t h e  maximum SiFp /SiF3 r a t i o  (about 2 0 : l )  cou ld  
be obta ined a t  E. I. vol tages between 18 and 21 eV. The standard vo l tage  fa r  
t h i s  i n v e s t i g a t i o n  was chosen t o  be 19.5 eV a l though o the r  e l e c t r o n  i o n i z a t i o n  
vo l tages  i n  t he  range a r e  equa l l y  su i t ab le .  
3 Margrave e t .a l .  s t a t e  t h a t  SiF2 and SiF4 account f o r  a t  l e a s t  99.5% 
1 o f  t he  gaseous species present  i n  equat ion (1 ) .  Fur ther ,  they  r e p o r t  no gaseous 
i polymers formed and t h a t  t h e  gas phase r e a c t i o n  
i 
SiF2 + SiF4 - > SipFs (6 
- 
'-iL 
) C  , was n o t  observed. Consequently, i t  was concluded t h a t  a t  19.5 eV the  peak 
1- - I' '+ 
observed a t  m/e = 85 was due t o  the  SiFg de r i ved  from unreacted SiFg and n o t  
S1F2 o r  Si2F6. Thus i t  i s  poss ib le  t o  op t im ize  t h e  parameters a f fec t i ng  the  
SiF2 genera t ion  by  mon i to r i ng  the  r a t i o  o f  t he  s ~ F ~ + / s ~ F ~ +  ions a t  l 9 .5  eV. 
i 1 
t:k 2.1.2.6 Data Analysis 
I n  order t o  f a c i l  i t a t e  data acqu i s i t i on  and in te rp re ta t ion ,  a data 
handl ing computer program, AVO M/E was developed t o  use w i t h  the  Finnigan 
GC/MS data system. The program i s  capable of processing t o  a user speci f ied 
degree of soph is t i ca t ion  the numerous data values generated i n  a t yp i ca l  SiFp 0 
generation experiment. 
2.1.2.7 Impur i ty  Ef fects on Reaction Step 1. 
To inves t iga te  the e f f ec t  o f  impur i t i es  i n  the s t a r t i n g  mater ia ls  on 
the reac t ion  ra te ,  experiments were conducted i n  which the r a t e  of SiF2 
product ion i s  d i r e c t l y  followed using the GCJPlS data system. I n  order t o  
es tab l i sh  a standard reac t ion  r a t e  i n  which the e f fec ts  o f  impur i t i es  are 
minimal, semiconductor grade (sg) p o l y s i l i c o n  was used as a standard f o r  the 
SiF2 t ranspor t  react ion.  The reac t ion  was then repeated under i den t i ca l  con- 
d i t i o n s  of temperature, pressure, and SiF4 flow r a t e  w i t h  Fe-doped sg po ly-  
s i  1 icon, A1 -doped sg po l ys i  1 i con  and metal 1 u rg i ca l  grade (mg) s i l i con .  Table 
2.1-2 l i s t s  the impur i t y  concentrat ions f o r  various s i l i c o n  i npu t  mater ia ls.  
The sg p o l y s i l i c o n  had been mechanical ly crushed and therefore the data l i s t e d  
i n  Table 2.1-2 does no t  r e f l e c t  the p u r i t y  o f  t yp i ca l  sg po lys i l i con .  It can 
be seen from Table 2.1-2 t h a t  the etched sg p o l y s i l i c o n  has impur i t y  concen- 
t r a t i o n s  considerably lower than unetched sg poly, i nd i ca t i ng  t h a t  the impur i t i es  
i n  unetched sg po l y  were acquired from the crushing process used t o  obta in  
\ \  
p a r t i c l e  s izes t h a t  opt imize the gaseous flow rate.  k> 
112.1.2.8 Mass Balance Experiments 
\\ I 
i Mass balance experiments were undertaken d i rec ted a t  co r re l a t i ng  SiF2 
i/ d ahd SiF4 counts w i t h  measured weights and p a r t i a l  pressures o f  reactant  and 
products of reac t ion  I .  The accurate determination o f  the stoichiornetry was 
s tud ied i n  conjunct ion w i t h  the nass balance experiments. The stoichiornetry 
of reac t ion  step 1 has been found t o  be 1:1:2 and the mass balance ind icates . 
t h a t  substant ia l  losses of mater ia l  due t o  unpredicted s ide react ions does no t  
occur. 
\ 
h 
Table 2.1-2 Impurity concentrations i n  !;g polys i l  icon 
a f te r  mechanical crushing compared wi th  mg 
s i  1 Icon as measured by emission spectroscopy. 
Detection L imi t  
ppm/wgt mg ~ i ( ~ )  sg ~ o l y  S i  Etched ss Poly ~ i ( ~ )  
(a)  Typical values observed f o r  mg Si .  
(b) 5:1:1 HF/HN03/CH3C02H, d i lu ted  2 : l ,  etch 1 min; 30 min. D . I .  water r inse.  
2.1.3 Resul ts  and Discussion 
2.1.3.1 E f f e c t  of Temperature and I m p u r i t i e s  on SiF2 Generation 
The f i r s t  s tep  o f  t he  SiF2 t ranspor t  process invo lves  t h e  r e a c t i o n  
o f  SiF4(g) Q i t h  s i l i c o n  t o  y i e l d  gaseous SiFp. 
I n  o rde r  t o  opt imize  t h e  r a t e  of product ion of h igh  p u r i t y  s i l i c o n  from 
mg s i l i c o n  v i a  t h e  SiF2 t r a n s p o r t  process, i t w a s  des i rab le  t o  de f ine  a t  
l e a s t  t h e  bas ic  parameters invo lved i n  $he r a t e  of t h i s  r e a c t i o n  i n  terms 
o f  the t h r e e  main var iab les :  temperature, SiF4 f low r a t e  and i m p u r i t y  con- 
cent ra t ions .  
6 I n  a  p r e l i m i n a r y  i n v e s t i g a t i o n  poss ib le  c a t a l y s i s  o f  reac t i on  1  was 
observed a r i s i n g  from i m p u r i t i e s  found i n  mg s i l i c o n .  I f  these i m p u r i t i e s  i n  
mg Si  d i d  a f f e c t  t h e  r a t e ,  then i t  was des i rab le  t o  i d e n t i f y  them i n  o rde r  t o  
op t im ize  t h e  product ion o f  s i l i c o n  v i a  the  t r a n s p o r t  process. 
Consequently, a  ser ies  of experiments was undertaken i n  order  t o  de- 
f i n e  t h e  bas ic  r e a c t i o n  var iables.  Experiments were conducted a t  temperatures 
of 850, 950, 1050, 1150, 1250 and 1 3 5 0 ~ ~ .  However, s ince the  SiF2 counts a t  
temperatures below 1 1 5 0 ~ ~  are i n s i g n i f i c a n t ,  these lower temperatures wi 11 n o t  
be inc luded i n  t h e  data presented. To e s t a b l i s h  a standard r e a c t i o n  r a t e  i n  
which t h e  e f f e c t  o f  i m p u r i t i e s  on r e a c t i o n  s tep 1 was minimal, SiF2 t r a n s p o r t  
reac t i ons  were performed between semiconductor grade p o l y c r y s t a l l i n e  (sg p o l y )  
S i  and p u r i f i e d  SiF4. 
F igu re  2.1.2 i s  a  graph o f  t h e  r a t i o  o f  SiF2 (m/e = 66) counts/SiF4 
(m/e = 85) counts emerging from t h e  r e a c t i o n  chamber versus SiF4 f low i n t o  the  
r e a c t i o n  chamber f o r  a  sg po ly  S i  charge. I t  can be seen t h a t  t h e  r a t i o  a t  
1350 '~  i s  g rea te r  than 1250~C, i n d i c a t i n g  t h a t  a  greatec concentrat ion of SiF2 
i s  produced a t  1350 '~  than 1250 '~  f o r  equ iva lent  f lows.  
Having es tab l i shed  a  base o f  c o r r e l a t i o n  using sg p o l y  S i ,  experiments 
/ wk. were undertaken t o  e s t a b l i s h  t h e  cause o f  poss ib le  c a t a l y s i s .  Two samples 
'f 
* l f' 
o f  sg p o l y  S i  were doped w i t h  t h e  two major i m p u r i t i e s  i n  mg S i ,  namely A1 and 
Fe (0.5% and 1% by weight  respec t i ve l y ) .  
Figure 2.1.2 Ratio SiFZ/SiFq counts versus S ~ F ~  f low for sg poly S i  
and p u r i f i e d  S i  F4. 
- ..- 
Figure 2.1.3 shows resul ts  of experiments conducted a t  11 50°c, 
1 2 5 0 ~ ~  and 1350'~ fo r  sg poly Si doped t o  0.5% A1 . Figure 2.1.3(a) shows 
tha t  SiF4 counts decrease with tenperature, 1 3 5 0 ~ ~  being the lowest for  
equivalent flow rates ,  while Figure 2.1 3(b) shows that SiF2 counts increase 
with temperature. Figure 2.1.3(c) shows tha t  again, as w i t h  the poly Si + 
SiFq reaction, the SiF21SiF4 ra t io  i s  greater a t  1350'~ than a t  lower tem- ' 
peratures. However, a maximum ra t io  was reached a t  a flow of about 100 sccm 
and then a decrease i n  the SiF2/SiFq ra t io  was noted. This i s  reminiscent 
6f some oxidation reactions in which the ra te  limiting step involves surface 
diffusion. Cooling o f  the charge by impinging SiF4 and apparent flow char- 
a c t e r i s t i c s  represent other possi bi 1 i t i e s .  
" ~ i g u r e s  2.1.4(a) and 2.1.4(b) a re  graphical presentations of the SiF2 
trardport reaction involving ~e doped (1%) poly and purified SiF4. Again 
// 
wh see an increase of SiF2 counts and a decrease of SiF counts as the temper- 4 
akure i s  increased. The r a t i o  of SiF2/SiF4 a t  1350'~ i s  greater than tha t  a t  
> 
1 2 5 0 ~ ~  (Figure 2.1 4(c) and the magnitude i s  simi.lar t o  tha t  observed i n  the 
previous two examples, namely a maximum ra t io  of 3. 
ii To further  investigate the shapes of the previously described rat ios  
versus SiF4 flow graphs, an extensive ser ies  of experiments was conducted on 
the rng Si + SiF4 reaction. These experiments were designed t o  obtain the maximum , 
amougt of data concerning the reaction between mg Si  and purified and unpurified 
~ i ~ ~ ' t . 0  allow analysis on a s t a t i s t i c a l l y  s ignif icant  basis. Here, over 1200 \ t i  
indivSdual spectra were collected and subjected t o  an analysis based on a two 
r> 
sided 90% confidence interval.  Flows were increased by a factor  of 2 over the 
.S previously studied flow range, i .e., flows between 4 sccm and 400 sccm were ob- 
tained as  opposed t o  the 4 t o  200 sccm flow range studied i n  the impurity doped 
runs. 
< ,  
--2) \$ 
Several fac ts  are  apparent from the graphs representingVthis data which 
a r e  presented i n Figure 2. I .  5'. + .  
(1) The SiF2/SiFi ra t io  i s  greater a t  1350'~, whereas the r a t i o  a t  - ' 
i: 1 3 0 0 ~ ~  l i e s  between the 1250' and 1350'~ ratios.  11 
- 11 
c& .-.% (2) The SiF2/SiF4 ra t io  is approximately 3, indicating the r a t e  
WW2?' P-
i >  i 
o f  the SiFp production is n o t  significantly affected by 1 
I impurities i n  mg Si. d l  
t 
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I 
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F igu re  2.1.4 Counts. and r a t i o s  o f  r e a c t  n t s  --. - 
and products versus SiFq A o w  f o r  
Fe doped sg po ly  S i  and p u r i f i e d  SiF4. 
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. I 
' ~ i l u r e  2.1.5 Rat io  S~F*/SI.F~ counts versus SiF4 f l d w  for tng $i and SiF4. 
i .c, 11 
L 
(3)  A t  flows greater than approximately 100 sccm a t  1350°c, 
I' 
the SiF2/SiF4 r a t i o  becomes approximately constant up t o  
the highest measured flow, Therefore, the optimum flow r a t e  
w i t h  regard to  polymer formation i s  determined by the efficiency 
. - of the SiFl recovery, and economic factors governing reaction run time. 
0 ' \  (4) No major difference in the r a t io  of SiF,/SiF4 was observed 
w i  th )n  the imposed 90% probabil l tp constraint,  fo r  reactions 
, 1 ,' 
involving purified and unpurif led SiF4. 
i: 2.1.3.2 Mass Balance Studies 
In order to  derive information regarding the SiF2 concentration under 
' 
specified reaction conditions and t o  examine the re1 i a b i l i t y  of the r a t i o  of 
SiFp t o  SiF4, a ser ies  of mass balance experiments was undertaken. In con- 
junction w i t h  these studies,  data regarding the stoichiometry was collected. 
,, 
-., A prerequisjte t o  &:curate mass balance determination i s  precise know- $ \%') .. d 
- 
ledge -(I of the weight of SjF4 delivered by the mass flow control ler  with  tin^^. 
Due to the  coirosive nature of SiF4, no previous d i rec t  calibration had been 
.-J 
made. Thus, an accurate cal ibrat ion of the Matheson flow control ler  was per- 
formed f o r  flows between 12.5 and 200 sccm. Matheson reports a gas conversion. 
factor  fo r  the i r  flow control ler  of 0.394 for  SiF4. ' A value of 0.51 - + 0.01 
was abtained i n  our calibration experiments using a SiF4 flow of 100 sccm, 
under our laboratory conditions. 
Use of t h i s  conversion fac tor  allows accurate calculation of the number 
of moles SiF4 delivered. Procedures were developed to recover unreacted SiF4 
which wereaccurate t o  within - + 0.01 gms a t  25'~. Hence a knowledge of the 
weight of polymer recovered coupled with the weight of s i l icon  consumed during 
the reaction provided information fo r  (1 ) accurate mass balance calculations , 
( i i )  correlation of counts to  actual weight of reactants and products, and 
( i i i )  stoichiometric determination of reaction 1. 
Experiments conducted a t  1350'~ showed that  ~ 7 5 %  of the  raactant SiF4 
.% 
was consumed i n  the reaction. Furthermore, a stoichiometry fo r  reaction 1 ,  
x SiFq + y Si -> z SiF , was determined by 2 
0 
Table 2'.1-3. Stoichiometry of reaction Step 1 
x = 6.82*10-~ moles SiF4 Feacted 
I) y = 6.6*10-~'rnoles Si reacted I - 
z = 1.35*10-~ moles SI , , F2 produced 
L* 
~ h e s e  s toichl  ometric experiments invol ved weighing the unconverted polymer 
produced and the assumption that. -c4-dh+ 1. - 1 ion cf the polymer fol lowed reaction 
" 2 
s t ep  2. -,.G-. p4 
lf- 
1 
L' i;i \ 1 
z SiF2 (SiF2)z Step 2 
Mass balance results,  for  reaction s tep 1 weresuch tha t  total  weight products/ 
t o t a l  weight reactants differed by l e s s  than 1%. ti 
z pr'oducts 
, 0.99 C reactants - 
I t  i s  concluded from the stoichiometry, percent SiFd conversion and 
mass balance experiments that  reaction step 1 i s  correct as 'wri t ten using 
our experimental apparatus and procedure. Further, a 75% conversion of SiF4 
I was obtained, a considerable increase over previous workers (Table 2.1-4) 
due mainly t o  our nigher operating temperature. 
Table 2.1-4. 
Percent Si F4 Conversion Ref. 
-
'.i "" 
-4 , 
G - 3  . \ Pease 40% 1 
Margrave 48%(a) 3,7 
This work 7 5% 
( a )  Calculation based on reference 3 
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2.1.3.3 P a r t i a l  Pressures o f  SiF2 and SiF4 i n  t he  Gas Stream 
While the  r a t i o  of SiF2/SiF4 counts i n  t h e  gas stream provides i n -  
s i g h t  i n t o  t h e  cond i t i ons  l ead ing  t o  maximum format ion  o f  SiF2 f rom reactants,  
t h e  p a r t i a l  pressures of t h e  reac tan ts  and products i n  the  gas stream a r e  
a l s o  of i n t e r e s t .  Consequently e f f o r t  was focused a t  c o r r e l a t i n g  the counts 
o f  SiF2 and SiF4 under g iven r e a c t i o n  cond i t ions  w i t h  the  p a r t i a l  pressure o f  
SiF2 and SiF4 i n  t h e  gas stream. This c a l c u l a t i o n  was based on the  f o l l o w i n g  
data :  ( i )  t h e  t o t a l  downstream pressure measured, ( i i )  the  mole f r a c t i o n  o f  
SiF2 and SiF4 der ived from an accurate mass balance, ( i i i )  t h e  observed 
s to ich iomet ry ,  and ( i v )  the counts o f  SiF2 and SiF4 measured by the GC/MS f o r  
t h e  1200 spectra comprising the  mg S i  + SiF4 r e a c t i o n  a t  1 3 5 0 ~ ~  and 1250'~. 
Two assumptions were made t o  .a1 low the  conversion f rom counts t o  p a r t i a l  pres- 
3 
sures:  ( i )  t h a t  99% o f  the  downstream gas m ix tu re  was SiF2 and SiF4 , ( i i )  t h a t  
t h e  polymer fo rmat ion  fol lowed r e a c t i o n  s tep  2. 
F igure  2.1.6 i s  a graph o f  t he  c a l c u l a t e d  downstream p a r t i a l  pressure 
.: 
of SiF2 and SiF4 versus SiF f low i n t o  the  r e a c t i o n  chamber f o r  mg S i  a t  1 3 5 0 ~ ~  4 
f o r  f lows up t o  the maximum measured 1.2 gms SiF4/minute. It i s  of i n t e r e s t  
t o  note t h a t  w h i l e  t h e  p a r t i a l  pressures o f  SiF2 and SiF a r e  observed t o  i n -  4 
crease w i t h  SiF4 f low i n t o  the  r e a c t i o n  chamber up t o  the  h ighes t  SiF4 f l r i w  
8 
measured, Margrave s ta tes  t h a t  po lymer iza t ion  occurs i f  the pressure r* ' i V 2  
exceeds 1 t o  2 t o r r .  The t o t a l  downstream pressure a t  t h e  h ighes t  f l o h  ~neasured 
i s  l ess  than 0.50 t o r r  and henc.2 no po lymer iza t ion  i s  expected. However, 1 t o  
2 t o r r  may represent  t h e  upper l i m i t  o f  t o t a l  pressure o f  products and may have 
c o n t r i b u t e d  t o  lower SiF4 conversions due t o  l e s s  e f f i c i e n t  pumping. 
,! 
Partial Pressure vs. SiF4 Flow 
Flow Si F4 (gmslmi n. ) 
0 
Figure 2.1.6 Partial pressures of SiF4 versus SiF4 flow for mg at 1350 C. 
2.2 Therma lD isp ropor t iona t iono f  (SiF2)xPolymer 
2.2.1 I n t r o d u c t i o n  
Subsequent t o  t h e  ana lys is  of s to ichiometry,  mass balance and 
chemical f e a s i b i l i t y  of r e a c t i o n  step 1, a  s e r i e s  o f  experiments was 
undertaken t o  study t h e  conversion of polymer i n t o  product  v i a  reac t i on  
s teps  3a and 3b 
(SiF2), >360°c S i  + SiF4 + SiF F  Y z Step 3a 
Step 3b 
The major products of s tep  3a being S i  and 5iF4. I n  our  i n i t i a l  
experiments d i r e c t e d  a t  op t im iza t i on  of steps 3a and 3b, conversion o f  
t h e  polymer appeared t o  fo l low a  sequence o f  reac t i ons  d i f f e r e n t  from t h e  
p rev ious l y  repor ted  steps 3a and 3b. S p e c i f i c a l l y ,  a t  temperatures o f  1 7 0 ' ~  
.%-= t o  200 '~  a  phase change occurred and o i l s  appeared a t  t he  i n t e r f a c e  of t h e  
4 
%. -, polymer f i l m  and t h e  heated polymer condensation surface. Fu r the r  heat ing  
o f  t he  polymer r e s u l t e d  i n  a  r a p i d  formation o f  gaseous products. . I t  was 
- concluded t h a t  conversion of (SiF2)x polymer i n t o  s i l i c o n  was n o t  a  d i r e c t  
process as descr ibed i n  steps 3a and 3b bu t  i nvo lved  t h e  in termedia te  formation 
* 
SinF2n+2 homologues as t h e  major product  . 
These concl usions were v e r i f i e d  by mass spectrometry which provided 
d a t a  cons is ten t  w i t h  t h e  pub1 ished 1  i t e r a t u r e  on (SiF2)x polymer convers i  on. 
, 
Therefore r e a c t i o n  s tep 3a requ i red  t o  be r e w r i t t e n  as: 
, 
> s i F  + (s iF2)x  - 
x Y Step 3a 
. * 
E l u c i d a t i o n  of a new reac t ion  sequence requ i red  examination o f  t h e  
f e a s i b i l i t y  of thermal d i sp ropor t i ona t ion  of t he  S i  F homologues i n t o  s i l i c o n .  , X Y  
The i n i t i a l  e f f o r t  was d i r e c t e d  a t  d e f i n i t i o n  o f  the  homologue d i  spropor t ionat ion  
I 
chemis t ry  on heated quar tz  surfaces. The homologue conversion s tep was de- 
termined t o  be: 
~ f "  S i  F - X Y  A > S i  + SiF4 Step 3b i; .P F 
*. 
sinF n+ re fe rs  t o  species fo l l ow ing  t h e  S i  F S i  F  eEc. ser ies ,  a  subset 
o f  t i e  Pore general abb rev ia t i on  S i  F ~ h i & ~ a ' l s o ~ i f f c l u d e s  t h e  SiNFpN species. 
x Y' 
# 
I 
The conversion e f f ic ienc ies  and react ion parameters der ived from 
these e a r l y  studies were subsequently tes ted on a conversion apparatus w i t h  
greater  surface area and consequently greater throughput po ten t i a l  ; i . e. , 
a heated, s i l i con ,  p a r t i c l e  f i x e d  bed. 
A k i n e t i c  analysis regarding the homologue conversion on f i x e d  beds 
was performed. The desi r ab i  1 i t y  of h igher homo1 ogue throughput and higher 
conversion e f f i c i e ~ c i e s  l e d  t o  the development o f  a low pressure f l u i d i z e d  
bed f o r  thermal d ispropor t ionat i  on. Data regarding homologue conversion e f -  
f ic ienc ies  was generated. A f i n a l  extension o f  the low pressure f l u i d i z e d  
bed concept for  homologue conversion was the development o f  a low pressure 
pneumatic p a r t i c l e  1 i f t e r ,  the l a t t e r  being designed f o r  maximum homologue 
throughput. Data r e l a t i n g  homologue residence t ime and conversion e f f i c i enc ies  
was generated. 
2.2.2 Pre l iminary  Experiments Invo lv ing  Polymer Conversion: The Condensation- 
Di spropor t i  onation Coi 1 
2.2.2.1 Experimental 
I n  our i n i t i a l  experiments d i rec ted a t  opt imizat ion o f  the reac t ion  
steps i nvo l v i ng  conversion of (S i  F2)x polymer according t o  reac t ion  step 3a 
an apparatus was designed for  low temperature capture o f  SiF2(g) t o  form (SiF2)x 
polymer and subsequent high temperature conversion o f  the polymer i n t o  s i l i c o n .  
The apparatus used consisted of a small 2 inch c o i l  reactor  f i t t e d  w i t h  
a condensation d i  sproport ionat ion co i  1 ( h e r e a f t e r  termed C-D co i  1 ) shown i n  
Figure 2.2.la. 
The C-D c o i l  consisted of a he1 i c a l  s p i r a l  o f  0.5 inch  quartz tub ing 
a 
w f t h  gaseous i n l e t  and o u t l e t  f a c i l i t i e s  f ixed i ns i de  a 2 inch  diameter quartz 
c o l  umn . 
A high temperature, h igh resistance Alumel w i re  was f i x e d  i ns i de  the 
quar tz  s p i r a l  w i t h  e l e c t r i c a l  connections made t o  two 140 V/12 A Variac t rans- 
formers connected i n  series. Apertures a t  i n l e t  and o u t l e t  po r ts  a l low i n -  
s e r t i o n  of thermocouples fo r  temperature monitoring. 
dl- - -  
:R\ *-: 
ORIGINAL PA= IS 
OF POOR QUALITY 
Operation of the c o i l  invo lved passage o f  l i q u i d  n i t rogen through 
the inner  quartz h e l i x  f a c i l i t a t i n g  condensation o f  gaseous SiF2 i n t o  polymer 
(SiF2)x. Temperatures on the h e l i x  as low as -196'~ were achieved by 
t h i s  technique. Subsequent t o  condensation o f  (SiF2)x upon the c o i l ,  con- 
vers ion o f  the polymer (reacts'on step 4)  was brought about by passing an 
e l e c t r i c a l  cur rent  through the w i re  running down the center of the he l i x .  
,This caused the w i r e  t o  heat, r e s u l t i n g  i n  conversion o f  the polymer adhering 
to the c o i  1. 
The most e f fec t i ve  procedure for  achieving temperatures between O'C 
and - 1 0 0 ~ ~  involved heating thewire concurrent w i t h  passage o f  l i q u i d  N2 
down the sp i r a l .  Temperatures constant t o  + 1°c were obtained w i t h  t h i s  
- 
method. 
i B 
2.2.2.2 Results 
Three sets o f  experiments i nvo l v i ng  polymer conversion were performed 
using the C-D c o i l .  The f i r s t  involved low temperature (-1 75'~) condensation 
of (SiF2)x on the C-D c o i l  u t i l i z i n g  reac t ion  condi t ions found i n  previous 
experiments t o  opt imize SiFp production. The second set  involved - 1 0 0 ~ ~  con- 
- 
densation of (SiF2)x on the c o i l ,  and the t h i r d  se t  was run a t  temperatures 
between -70 '~  and -35'~. The polymer formed i n  these experiments was converted 
under the same condi t ions a t  temperatures between 0 and 550'~. 
Regarding condensation temperature, a temperature o f  - 69 '~  was found 
t o  e f f e c t i v e l y  condense the polymer on the f i r s t  three c o i l s  o f  the quartz 
he1 i x .  
It was concluded t ha t  - 6 9 ' ~  i s  s u f f i c i e n t  t o  t rap gaseous SiF2 on the 
36 inch  C-D c o i l  y e t  a l low on ly  a minimum amount o f  SiFq t o  co-condense w i t h  
the polymer. 
I n  our i n i t i a l  experiments, conversion o f  the polymer v i a  react ion step 
3 appeared t o  f o l  low the same sequence o f  steps f o r  a1 1 three sets of exper i -  
ments described above. Spec i f ica l ly ,  a t  temperatures o f  +I70 t o  200 '~  o i l s  ap- 
ppared a t  the i n te r f ace  of the  polymer and the heated quartz s p i r a l .  The 
, , 
$5~' 
-r 
- ,% i! 
. b , *  
unconverted polymer was thus separated from the  coi l  by these o i l s  and fell I under gravi ty  t o  tile bottom t rap.  (Figure 2.2.1 ( a ) ) .  
C The polymer i n  the  t r ap  was heated t o  between 0 and 5 1 0 ~ ~  a t  a r a t e  
of ~ 1 0 ~ c / m i ~ u t e .  I t was observed t h a t  a t  2 5 0 - 3 0 0 ~ ~  the  polymer me1 ted 1 iberat ing 
o i l s  and leaving a residue. Further heating resul ted i n  a rapid formation of 
o i l s  a t  approximately 390°C, followed by formation of s i l i con  from the  l a t t e r  
a t  41 9-51 o°C. 
Margrave reportedthat  a t  200-350'~ (SiF2)x decomposes t o  give per- 
f luoros i lanes ,  Si,Fprlt2 and leaves a s i l i con  r ich polymer. 7 
En + 2 ) / 2  (SiF2Ix -> SinF2n+2 + 2(SiF) polymer 
) Further,  he s t a t e s  t h a t  a t  400'~ the  decomposition becbes  very rapid yie lding 
mainly SiF4 and S i .  These observations a re  consis tent  w i t h  ours.  In addi t ion,  
we observed t h a t  t he  reaction a t  400 '~  coincides w i t h  the formation of o i l s  
f r o m  the  " s i l i con  r i ch  polymer." 
,.-, 
We observed t ha t  t he  polymer conversion appears to  invo7ve i n i t i a l  
formation of o i l s ,  followed by thermal disproportionation t o  S i .  Mass spectra l  
analys is  of the Si F fragments l ibe ra ted  upon heating of the  polymer a r e  
x Y 
l i s t e d  i n  Table 2.2-1 together w i t h  the  temperature a t  which they were observed. 
Table 2.2-1 Mass spectrum of  v o l a t i l e  components of 
polymer thermal decomposition. 
+ Si4Fg 283 Liberated from coJd t r ap  
a f t e r  passing 500 C quartz c o i l  
Table 2.2-1 is not inclus ive  but does ind ica te  t ha t  the  lower molecular 
47: - weight fragments were 1 i berated i n  t he  i n i t i a l  heating stages.  
5 
Y .- , 
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2.2.3 Thermal D i  sproport ionat ion o f  Homologues on a  Heated Quartz Surface 
B 
2.2.3.1 Experimental 
I n  these experiments thermal d i  sproport ionat ion o f  the homo1 ogues 
n l i b e r a t e d  from the polymer as discussed i n  the previous sect ion was demon- 
s t r a ted  on a  modified 2  inch quartz reactor  a t  temperatures up t o  850 '~  using 
the  batch method f o r  polymer formation. Quartz was chosen as the prefer red 
substrate f o r  i n i t i a l  thermal d ispropor t ionat ion studies due t o  the ease of . 
construct ion,  modif icat ion, and c leaning o f  a quartz reactor  as opposed t o  
more conventional substrates such as s i l i con ,  tungsten o r  molybdenum. A batch 
method o f  polymer formation and conversion was chosen due t o  the greater cap- 
a b i l i t y  o f  obta in ing quan t i t a t i ve  r e s u l t s  as opposed t o  a  semi-cont inuo~~s method 
o f  deposi t ion and conversion., I t  w i l l  be noted however, t ha t  data obtained 
using the  batch method o f  polymer conversion i s  d i r e c t l y  app l icab le  t o  a  semi- 
continuous mode of polymer formation and conversion. 
4-b 
k system was designed u t i l i z i n g  the basic concepts o f  the condensation- 
' ;% s, dispropor t ionat ion co i  1, whi 1  e  incorporat ing a  high temperature zone f o r  the 
4 
dispropor t ionat ion react ion.  I n  t h i s  apparatus the v o l a t i l e  products of the 
o i l s  generated a t  low temperatures - <400°c were passed across 2 high temperature 
(750 '~  - 950'~) quartz hot  zone (hot  c o l l a r )  where d ispropor t ionat ion i n t o  
s i  l i c o n  occurred. V o l a t i l  es, not  disproport ionated, condensed i n  a  cool zone 
(>170°c) above the  hot  c o l l a r ,  then passed back through the hot  zone and d is -  
proport ionated. They then 1 iberated vo l  a t i  1  es and/or condensed i n t o  the bottom 
t r a p   here they were again heated above t h e i r  b o i l i n g  po in t  l i b e r a t i n g  the 
more v o l a t i l e  const i tuents.  This r e f l  ux-disproport ionat ion t x h n i q u e  a1 lowed 
separation o f  v o l a t i l e  homologues as i n  a  more conventional f r a c t i o n a l  d i s t i l -  
> 
l a t i o n  b u t  o f fe red  the advantage t h a t  c o l l e c t i o n  and subsequent d ispropor t ionat ion 
of the ind iv idua l  homologues was not  required, because the separation was 
a f fec ted  by t h e i r  d ispropor t ionat ion i n t o  s i l i c o n  upon exposure t o  the h igh 
. . temperature zone. 
Further, i t  was found t ha t  w i t h  each pass o f  the hot zone, the number 
o f  companents remaining i n  the homologue mixture was reduced as would occur 
i n  a  conventional f rac t iona l  d i s t i l l a t i o n .  Figures 2.2.2(a) and 2.2.2(b) show 
t h i s  r e f l  ux-di sproport ionat ion apparatus a f t e r  a  t y p i c a l  h igh temperature 
polymer convers ion. 
Figure 2.2.2(a) - Ref1 ux-disproportionatlon , 
apparatus. 
(1 ) Polymer condensation trap -78'~ 
(2)  Hot collar 850'~ 
(3)  Vertical ref1 ux column ORIGBVAL PAGE OF PaoR Q U ~  
(4) SiF4 trap 
3 
Figure 2.2.2(b) -*lose up view of t r a p  and 
ho t  c o l l a r  regions of r e f l u x -  
d ispropor t ionat ion apparatus 
a f t e r  a successful conversion 
experiment . 
(1) Polymer condensation t r ap  - note 
absence of o i l s  
(2) Hot c o l l a r  zone, quan t i t a t i ve  conver- 
s ion  t o  s i l i c o n  apparent 
( 3 ,  4 ,  (5) Regions adjacent t o  hot  zone, 
note lack o f  o i l s  formed i n  
. =. these areas i n d i c a t i n g  complete 
r j 
% t 
conversion i n  ho t  c o l l a r  zone 
(2) 
.k : I n  these experiments SiF4 was passed across a 15 inch zone o f  mg 
sEl-icon heated a t  1350'~ a t  a flow of 0.24 gms SiF4 per minute (unless 
otherwise ind icated)  for  polymer formation react ion times vavying frorn 
, 
30 t o  90 minutes. XJ 
Formation of polymer from SiFp took place i n  t rap  1 (Figure 2.2.2 
(a)) a t  -78% i n  a isopropyl .dry i c e  slush bath; unreacted SiF4 was co l  i ec ted  
, I  
i n  t r a p  4 (Figure 2.2. l(a)).  Subsequent t o  polymer format'i.gn, the slush bath 
was replaced w i t h  a heat ing mantle ( region ( I ) ,  Figures ?.??(a) and 2.2.2;bj). ' 
Then a h igh resistance furnace heating element was wrapped around the 4" long 
c o n s t r i c t i o n  adjacent t o  the polymerizat ion t r ap  (region 2, Figures 2.2.2(a) 
and 2.2.2(b)) and connected t o  a 140 V/1OA Variac transformer. This hot  
c o l l a r  was heated t o  850'~ before power was appl ied t o  the heating mantle 
surrounding the condensation trap. The temperature o f  the condensation t r ap  
was ra ised  t o  400 '~  a t  a heating r a t e  o f  1 0 ~ t / m i n u t e  w i t h  d ispropor t ionat ion 
o f  the o i l s  i n t o  s i l i c o n  i n  the hot  zone occurr ing over atemperature range 2 0 0 ~ ~  
8 
-- t o  400'~. 
4 
9 // Under these reac t ion  condi t ions no evidence was observed of o i l  f o r -  
mation from condensed v o l a t i l e s  i n  regions 3, 4, and 5 o f  Figure 2.2.2(b). 
This apparatus and operation technique was used t o  obtain mass spectral  data 
c o r r e l a t i n g  species 1 i berated during thermal conversion w i t h  pressure and 
temperature. Further, data from t h i s  apparatus was co l lec ted  t o  ca lcu la te  
the % SiF4 conversion f o r  the reac t ion  between SiF4 and mg S i ,  % homologue 
conversion, ove ra l l  s i l i c o n  t o  s i l i c o n  y i e l d ,  mass balance f o r  the react ion 
step and stoichiometry for  the homo1 ogue t o  s i  1 i con  conversion. 
t > 
2.2.3.2 Results and Discussion 
2.2.3.2.1 Mass Spectral Analysis o f  Homologues 
Analysis of data co r re l a t i ng  pressure changes occurr ing dur ing polymer 
. . 
conversion w i t h  polymer conversion temperature and homologue composition i s  
summarized i n  Figures 2.2.3 and 2.2.4. It w i l l  be notedthat  both f igures show 
t h e  sami'trend, a shoulder a t  approximately 260'~ t o  280°c, a peak maximum 
Figure 2.2.3 Sum o f  t o t a l  ions counted during polymer conversion 
versus temperature. 
Temperature OC 
Figure 2.2.4 Pressure v a r i a t i o n  w i t h  temperature for products 
l i b e r a t e d  during homologue conversion. 
J. 
a t  2 9 0 ' ~  t o  300 '~  and a second sma l l e r  peak a t  400'~. F igures 2.2.5(a) 
t o  2;2.5(e) a r e  mass spectra taken a t  t h e  temperatures o f  approximate ly  
1 1  
250°, 280°, 295O, 350°, and 4 0 0 ~ ~ .  Temperatures i n d i c a t e d  i n  F igu re  --, (- i 
2.2.3 a r e  ex t rapo la ted  from F igu re  2.2.6 as the  l a t t e r  represents a more 
1 I' 
. \ 
? . )  accurate temperature measurement i n v o l i i n g  t h e  mean o f  t h ree  temperature 
measurements made w i t h  a thermocouple l oca ted  adjacent  t o  t h e  r e a c t o r  vessel 
w a l l .  Poss ib le  assignments of  t h e  mass spec t ra  o f '  v o l a t i l e  components o f  
> 
t he  polymer decomposit ion shown i n  F igures 2.2.5(aj t o  2.2.5(e) a r e  l i s t e d  
i n  Table 2.2-2. Comparison of F igures 2.2.5(a) t o  2.2.5(e) w i t h  Fsgures j 
2.2.3 and 2.2.4 show t h a t  as temperature i s  increased from 2 5 0 ' ~  (F igures 
2.2.5(a) t o  3 5 0 ' ~  (F igure 2.2.5(d) a v a r i a t i o n  i n  the  concent ra t ion  o f  S ~ ~ F ;  
I i s  observed. Fur ther ,  t h e  F ~ s ~ - o + = s ~ F ~  peak a t  /e 167 becomes i n s i g n i f i c a n t  
I - 9 
a t  temperatures above 350'~. Comparison o f  ~ G ~ ; r t ~ 2 . 2 . 4  w i t h  F igures 2.2.5(a) 
through 2.2.5(d) shows t h a t  t h i s  i s  t he  reg ion  o f  maximum pressure. Con- 
sequently,  Si2F6 may w e l l  c o n t r i b u t  s i g n i f i c a n t l y  t o  the pressure change 
_ over  t h i s  range. I t  i s  of i n t e r e s t  t o  note t h a t  al though n o t  apparent i n  
F igure  2.2.5(c), an enlarged spectrum o f  the l a t t e r  revea ls  evidence of 
t 
Si3F7 a t  m/e.217, which l i k e l y  a l s o  c o n t r i b u t e s  t o  t h e  pressure v a r i a t i o n  
between 2 5 3 ' ~  and 350'~. F i n a l l y ,  t h e  spectrum a t  4 0 0 ' ~  revea ls  evidence 
of ma in l y  SiF4, which i s  c o n s i s t e n t  w i t h  the  observat ion t h a t  t he  product  
U i n  t he  r e a c t i o n  vessel conver ts  i n t o  s i l i c o n  a t  t h i s  temperature, t h e  proposed 
r e a c t i o n  s tep  being: 
i 
Sf ,Fy T> 8 0 0 ' ~  > S i  + S iF  4 Step 3b 
2.2.3.2.2 Experiments I n v o l v i n g  Hornologue Conversion 
E f f o r t  was d i r e c t e d  toward o b t a i n i n g  data on po1yn:er conversion 
" 
e f f i c iency ,  mass balance of hornologue convers ion and s to ich iomet ry  f o r  t he  
r e a c t i o n  s tep  i n v o l v i n g  conversion o f  homologues i n t o  s i l i c o n  and SiFq 1n 
order  t o  generate data fo r  c a l c u l a t i o n s  o f  t he  above c p a n t i t i e s ,  an accurate 
knowledge of t h e  (a)  s to ich iomet ry ,  (b )  mass balance and (c )  SiF4 convers ion 
e f f i c i e n c y  was determined. Our prev ious,  work had shown t h a t  t h e  s to i ch iomet ry  
Figure 2 .2 .5(a)  Mass spectrum of v s i a t i l e  gompongnts from 
hmologue conversion a t  250 C - + 5 C. 
Figure 2 .2 .5 (b)  Mass spectrum a t  280'~  + 5'~.  
- 
Figure 2.2.5(d) Mass spectrum at 3 5 0 0 ~  + 5Oc. 
- 
Figure 2.2.5(e) Mass spectrum at, 4 0 0 ' ~  + 5 ' ~ .  
- 
TABLE 2.2-2 
Table 2.2-2 Mass spectrum of volatile components 
of S i  F2 polymer decomposition 
m/e 
- 
.Possible Assignment 
153 Isotope of m/e 151 
Isotope of m/e 85 
#I II #I II 
Unassigned 
Isotope of m/e 66 
Isotope of m/e 47 
:I . 
o f  r e a c t i o n  s tep  1 i s  accu ra te l y  1:1:2 (Sect ion  2.1.3.2). 
r e a c t i o n  s tep  1 
Fur ther ,  i t ' h a d  been shown t h a t  t he  mass balance f o r  s tep 1 i s  such t h a t  
C Products 
C Reactants = - > 0.99 
Tab le  2.2-3 l i s t s  data f o r  the  e f f i c i e n c y  f o r  SiF4 conversion. I t  w i l l  be 
noted t h a t  t h e  mean SiF4 convers ion e f f i c i ency  de r i ved  from a l a r g e r  da ta  
base i s  78% conversion versus the  p r e v i o u s l y  repo r ted  75% conversion e f -  
f ic iency .  
In Knowledge of a, b, and c descr ibed i n  the prev ious paragraph a1 lows 
I c a l c u l a t i o n  of wei y h t  of s i  1  i con  reac ted  ( i n  these p a r t i c u l a r  experiments 
weighing t h e  charge a f t e r  r e a c t i o n  was i m p r a c t i c a l  ) , weight  o f  polymer formed, 
.% and leads t o  the  c a l c u l a t i o n  of mass balance and sto- ich iometry f o r  t he  
' I 
t 7 
homo1 ogue conversion. 
Table 2.2-4 presents data comparing weight  o f  s i  1  i c o n  consumed du r ing  
r e a c t i o n  s tep  1 and ac tua l  weight  o f  s i l i c o n  produced f o l l o w i n g  nomologue conver- 
s ion.  Here i t  w i l l  be noted t h a t  homologue convers ion e f f i c i e n c y  i s  between 
52% and 76X,  depending on h o t  zone res idence t ime which i s  d i r e c t l y  r e l a t e d  
i n  t h i s  standard r e a c t i o n  system t o  weight  of polymer formed. 
Tab1 e 2.2-5 presents t h e  polymer conversion e f f i c i e n c y  der ived from the  
c a l c u l a t e d  y i e l d  of polymer and the  weight  of unconverted polymer. Comparison 
of the  average conversion e f f i c i e n c i e s  us ing  these two methods o f  c a l c u l a t i o n  
shows good c o r r e l a t i o n .  
Tab le  2.2-6 shows data f o r  t he  mass balance, 1 i s t i n g  t h e  amounts of 
m a t e r i a l  consumed and m a t e r i a l  formed. The q u o t i e n t  obta ined i n d i c a t e s  t h a t  
w i t h i n  t h e  experimental  l i m i t s  f o r  o b t a i n i n g  the  w e i g h t F o f  unconverted polymer 
t h e  sum o f  t h e  reac tan ts  consumed equals t h a t  of  products formed. 
1 ' 
4 1 ,  'i+ [$ . Y. 
' * "  
TABLE 2.2-3 
gms. SiF4 gms. SiF4 % SiF4 
Run Run Time Flow ' Del ivered Unreacted Conversion 
1 
1 
Mean SiF4 Conversion 78% 
e f f i c i e n c y  
\ 
TABLE 2.2-4 
i: j Table 2.2-4 % POLYMER CONVERSION BASED ON SILICON INPUT, OUTPUT 
i 1 . - -FLOW = 0.24 glmin. 
gms. SiF4 Moles SiF4 gms. S i  gms. Formed % Polymer 
Run -Run Time Reacted -Reacted Reacted -After Conversion C h v e r s i  on 
I 6 30 min. 5-62(!3) 0.054 moles 1-51  (9)  1 -10(9)  72% 
;ri 81 * 
*)! B . * t  *# - 4 ?- 1. /; 
C 
Table 2.2-5 % POLYMER CONVERSION BASED ON POLYMER 
I! FORMED AND POLYMER UNCONVERTED 
I FLOW = 0.24 g/min. 
f gms. S1F4 
Run 
gms. S i  
Run Time 
gms. Polymer I gmse Polymer Reacted Reacted % Polymer 1 Formed UncBnver ted Conversion 
1 
1 '  
- .  
Table 2.2-6 MASS BALANCE 
\ .  FLOW = 0.24 g/min. 
gms. Material gms. Material gms. Out 
Run Run Time In Ocl t Gi?x7i . . - .  . 
60 min. 
6 0 
Mean = 
Table 2.2-7 l i s t s  data f o r  c a l c u l a t i o n  o f  t he  s to ich iomet ry  o f  
the homologue conversion t o  S i  and SiF4 based on ac tua l  weights o f  s i l i c o n  
produced and SiF4 1 i berated. We note  t h a t  f o r  each mole o f  s i l i c o n  formed 
one mole o f  SiF4 i s  generated. 
Thus, the  thermal d i sp ropor t i ona t ion  o f  homologues i n t o  s i l i c o n  on 
a heated surTace was demonstrated. An o v e r a l l  s i l i c o n  t o  s i l i c o n  y i e l d  o f  
59% f o r  t h i s  experimental system was achieved. 
2.2.4 Residua1 Homologue Conversion 
2.2.4.1 Experimental 
I n  t h e  prev ious  sec t i on  data on homologue conversion e f f i c i e n c y  on 
a heated quar tz  surface was presented. I t  was shown t h a t  under non-optimized 
r e a c t i o n  cond i t ions ,  polymer conversion e f f i c i enc ies  of from 60% t o  80% cou ld  
be reproduci  b l y  achieved. Fur ther ,  i t  was observed t h a t  f o l l o w i n g  thermal con- 
vers ion,  t h e  unconverted v o l a t i l e  f r a c t i o n  (20% t o  40%) reformed a polymer- 
l i k e  m a t e r i a l  a t  l i q u i d  N2 temperatures. 
While i t  should be noted t h a t  o p t i m i z a t i o n  of t h e  thermal d i sp ropor t i ona t ion  
I 
r e a c t i o n  apparatus would reduce t h e  remaining unconverted f r a c t i o n ,  (S i  F2)x, 
t o  a few percent,  a se r ies  of experiments was undertaken t o  study t h e  chemistry  
o f  both t h e  (SiF2)x and v o l a t i l e  products l i b e r a t e d  from these du r ing  thermal 
c o n v e ~ s i o n  and a l s o  t h e  polymer formed ( (S~F~) ; )  from condensed homologues 
l i b e r a t e d  du r ing  (SiF2)x conversion. Mass spec t ra l  ana lys is  o f  t h e  homologues 
l i b e r a t e d  from the  reformed polymer was'a lso conducted. 
A system was designed u t i l i z i n g  the  bas ic  concepts o f  t h e  condensation- 
d i s p r o p o r t i o n a t i o n  c o i l ,  w h i l e  i nco rpo ra t i ng  a h i g h  temperature zone f o r  t h e  I 
res idua l  polymer ( s~F* ) ;  d i s p r o p o r t i o n a t i o n  reac t ion .  I n  t h i s  apparatus the  
{f v o l a t i l e  products of the  o i l s  generated on heat ing  the (SiF2)x a t  low temper- 
'+ f 
a tu res  ( 400'~) were passed across a h igh  temperature (750 '~  - 950'~)  qua r t z  
I 
b 
1 
h o t  zone where d i sp ropor t i ona t ion  i n t o  s i  1 i con  occurred. The apparatus 
41 
Table 2.2-7 STOICHIOMETRY 
FLOW = 0.24 g/mi n. 
- 
Moles Si Farmed Moles S i  FnLi berated - Moles SiF4 
Run Run Time After Conversion During Conversion . . Moles Si 
- 
0.043 moles 0.036 moles 
Mean 
4- 
consisted o f  2 i d e n t i c a l  polymer trapping vessels d i r e c t l y  adjacent t o  a 
1 i region capable o f  being heeted t o  850°t, Figure 2.2.6(a) and 2.2.6(b). I I 
! -  These two u n i t s  were connected by a 16 inch quartz homologue t ranspor t  
tube heated t o  220'~. Polymer formation was allowed t o  occur i n  one ha l f  
o f  t h e  u n i t  and subsnquent thermal conversion forced v o l a t i l e s  past  a quartz 
1 surface heated t o  850'~. Thermal d ispropor t ionat ion o f  S i  F homologues X Y  
i n t o  s i l i c o n  occurred i n  the 850 '~  zone whi le  the unconverted 20% - 40% was 
t ransported across the 220 '~  zone i n t o  the 2nd condensation u n i t .  Subsequent 
I 
thermal conversion of the residue polymer, (SiF2);, formed from condensed un- 
converted S i  F homologues forced the homologues past a 2nd 850 '~  quartz sur- X Y  
face af fect ing d ispropor t ionat ion i n t o  s i l i c o n  and SiF4. 
. 
I n  these experiments SiF4 was passed across a 15 inch zone o f  mg s i l i c o n  
heated a t  1350'~ a t  a flow of 0.24 gms SiF4 per minute. Formation o f  polymer 
from SiFe took place ( t r a p  1,) a t  -78 '~  i n  a isopropyl dry i c e  s lush bath, un- 
reacted SiF4 was co l lec ted.  Subsequent t o  polymer formation, the slush bath 
was replaced w i t h  a heat ing mantle, and a high resistance furnace heating element 
was wrapped around the 4" long cons t r i c t i on  adjacent t o  the polymerizat ion t r ap  
and connected t o  a 140 V / l O A  Variac transformer. This hot c o l l a r  region was 
heated t o  850 '~  before power was appl ied t o  the heating mantle surrounding the 
condensation trap. The temperature o f  the condensation t r ap  was ra ised t o  400 '~  
a t  a heat ing r a t e  o f  loOc/minute w i th  d ispropor t ionat ion o f  the o i l s  i n t o  s i l i c o n  
i n  the h o t  zone occurr ing over temperature range 200'~ t o  4 0 0 ~ ~ .  An i den t i ca l  
procedure was fo l  1 owed t o  ef fect  thermal d i  sproport ionat ion o f  the residual  polymer 
I I 
formed from unconverted homo1 ogues . High e f f i c i enc ies  o f  residue (Si  F2)x 
d ispropor t ionat ion i n t o  s i  1 icon were rea l  ized on t h i s  apparatus. 
i f  
Under these react ion condi t ions no evidence was observed of o i l  formation 
from condensed vol  a t i  1 es i n  the hor izonta l  homologue t ranspor t  region. This 
apparatus and react ion technique were used t o  obta in  mass spectral  data cor-  
r e l a t i n g  species l i be ra ted  during thermal conversion w i th  pressure and temper- 
ature. Further, data from t h i s  apparatus was co l  l ec ted  leading t o  ca lcu ia t ions 
o f  % SiF conversion ( react ion between SiF and mg S i ) ,  % homologue conversion, 4 4 
overa l l  s i l i c o n  t o  s i l i c o n  y i e l d ,  and residue conversion e f f i c i enc ies .  
# -k 
:vy7 
" & *  \ 

2.2.4.2 Resul ts  
I 
Spect ra l  Analys is  of S i  F  
x  Y 
Table 2.2-8 presents data regard ing  the  gas phase composit ion o f  
I 
homologues l i berated d u r i n g  conversion of (S i  F2)x and (SiF2),. Here i t  
w i l l  be noted t h a t  bo th  t h e  o r i g i n a l  polymer and t h e  res idue po1,ymer formed 
from v o l a t i  1 es 1  i bera ted du r ing  t h e  thermal conversion o f  (SiFp)x 1  i berated 
a s e r i e s  o f  homologues of  s i m i l a r  composit ion. Hohever, t he  small concen- 
t r a t i o n  o f  oxygen con ta in ing  species l i b e r a t e d  from (SiF2)x were n o t  observed 
during. t h e  thermal convers ion o f  t h e  res idue  polymer (SiF2);. The r e l a t i v e  
i n t e n s i t i e s  of t h e  major species 1  i b e r a t e d  du r ing  thermal conversion o f  (SiF2)x 
have been p rev ious l y  repor ted.  However, due t o  the  very low i n t e n s i t y  o f  t he  
peaks above m/e 200 w i t h  respect  t o  m/e 85, i n t e g r a t i o n  o f  homologues pre- 
sented i n  Table 2.2-8 was n o t  undertaken. The mass spec t ra l  data c l ' e a r l y  i n -  
d i c a t e  t h a t  (SiFZ)x and (S i  F2)x undergo thermal conversion i n  a  s im i  lar-manner 
and l i b e r a t e  e s s e n t i a l l y  t h e  same se r ies  o f  v o l a t i l e  homologues s i l i c o n  f l u o r i d e  
compounds. 
2.2.4.2.2 Homologue Conversion Experiments 
Data c o r r e l a t i n g  homologue e f f i c i e n c y  w i t h  residence t ime o f  SixFy 
species i n  a  non-opt imized thermal convers ion u n i t  has shown t h a t  conversjon 
e f f i c i e n c i e s  o f  60% t o  84% can be achieved. A se r i es  o f  experiments was under- 
I 
taken t o  s tudy t h e  thermal d i s p r o p o r t i o n a t i o n  of t he  polymer (SiF2)x formed 
from condensed v o l a t i  l e s  1  i b ~ r a t e d  du r ing  the  conversion o f  (SiF2Ix.  
Table 2.2-9 presents data l ead ing  t o  an o v e r a l l  polymer conversion 
e f f i c i e n c y  c a l c u l a t i o n .  Here, f rom weights o f  SiF4 l i b e r a t e d  and weights o f  
polymer formed and converted, t he  e f f i c i e n c i e s  o f  t he  conversion of (SiF2)x 
and ( S ~ F ~ ) :  i n t o  s i l i c o n  was obtained. It w i l l  be noted t h a t  the conversion 
e f f i c i e n c y  f o r  s tage 1  i s  77%. Th is  c o r r e l a t e s  extremely w e l l  w i t h  the data 
presented i n  Sect ion  2.1. Furthermore, a  91% conversion e f f i c i e n c y  fo r  t he  
res idue (SiF2)x polymer was achieved. Due t o  the  f a c t  t h a t  conversion ef-  
f i c i e n c y  was observed t o  be i n v e r s e l y  p r o p o r t i o n a l  t o  residence t ime, t h i s  
,A -5. h i g h  convers ion e f f i c i e n c y  i s  c o n s i s t e n t  w i t h  r e s u l t s  showing a d i r e c t  
I i 
?L 
, 
Table 2.2-8 S i  F MASS SPECTRAL DATA COMPARISON 
/, - X J  
Except where s t a t e d  (No), a l l  ions o f  
the above mass numbers were observed. 
?I 
MASS NUrlBER ASL - -. .. .,. . v ~ \ a u r ~ i n ~  r UL I lVlcn 
x Y 
' 47 1 1  
\ 3 " y n -  
?i -:$ 
TABLE 2.k ;' @@? b 
No, 1 
STAGE 1 -  CONVERSION^--- 
GMS POLYMER GMS POLYMER GMS RESIDUE ~ O N V E R  ION 
FORrlED , CONVERTED FORMED STAGE 
14,13 G ,  10.81 G ,  3,32 G ,  77x 9 
b b  
STAGE 2 - CONVERSION 
-J 
GMS RESIDUE FORMSD 
3,32 G-  
GMS RESIDUE ZCONVERS ION 
CONVERTED 
3 
3,02 -3 91X 
, 
' OVERALL POLYMER 
CONVERSION 
- 
OVERALL CONVERSION = 0..77--  + (0.'91 x 0;23) = 38% 
r e l a t i o n s h i p  between ~ e s i d e n c e  t ime and conversion e f f i c i e n c y  o f -  (SiF2), 
polymer i n t o  s i l  icon. 
\ 
I'aole 2.2-10 presents data showing conversion e f f i c i e n c i e s  of polymer 
i n t o  s i l i c o n  f o r  two experiments us ing  the  double condensat ion-disproport ionat ion 
I 
u n i t  t o  convert  both (SiF2)x and (SiF2)x i n t o  s i l i c o n .  Here i t  w i l l  be noted 
t h a t  an o v e r a l l  mean polymer convers ion e f f i c i ency  o f  95.7% was achieved. 
The r e s u l t s  from these s tud ies  c l e a r l y  show t h a t  convers ion o f  t h e  
S i  F homologues i n t o  s i l i c o n  was poss ib le  and t h a t  h igh  conversion e f f i c i e n c i e s  
x Y 
were achieved. An increase i n  throughput,  however, was required,  and e f f o r t  
was d i  rec ted towards d i s p r o p o r t i  onat i o n  on substrates w i t h  increased surface 
area, s p e c i f i c a l l y  a s i l i c o n  packed f i x e d  bed. 
. . a  
2.2.5 - Therrnal D isp ropor t i ona t ion  on S i  Packed Beds 
2.2.5.1 Experimental 
A f t e r  t he  establ ishment o f  honlologue conversion e f f i c i e n c y  on heated 
quar tz  surfaces, d i sp ropor t i ona t ion  on substrates w i t h  g rea te r  sur face area 
/I 
was studied. She increased swface  o f  t h e  subst ra te  gave t h e  p o t e n t i a l  f o r  
g rea te r  homologue throughput f o r  f i x e d  conversion e f f i c i e n c y .  A f i xed  bed 
packed w i t h  chunks of semicenductor grade s i l i c o n  was chosen. 
I 
P r e l  im inary  packed bed s tud ies  i n d i c a t e d  t h a t  homologue res idence t ime 
w i t h i n  the  packed bed was an impor tant  parameter a f f e c t i n g  conversion e f f i c i ency .  
The c o r r e l a t i o n  o f  system pressure v a r i a t i h  w i t h  temperature o f  honiologue con- 
vers ion  c l e a r l y  i nd i ca ted  tha t ,  when t h e  e n t i r e  polymer mass was heated w i t h  
a conventional t r a p  heater, t h e  homologues were r a p i d l y  fo rced through t h e  d i s -  
p ropor t i ona t ion  Lone. 
This r e s u l t s  i n  a residence t ime  which depends upon the  heat ing  r a t e  
a t  t he  homologue l i be ra t i on - tempera tu re .  N h i l e  t h i s  may be advantageous under 
c e r t a i n  cond i t ions ,  e. g. , r a p i d  1 i b e r a t i o n  o f  homoiogues lead ing  t o  reduced 
process c y c l e  time, i t  T i m i  t e d  t h e  capabi 1 i t y  o f  s tudying the  d i s p r o p o r t i o n a t i o n  
bed parameters exc lus i ve l y .  Consequently, a technique i n v o l v i n g  u n i d i r e c t i o n a l  
heat ing  o f  a uni formly d i s t r i b u t e d  polymer f i l m  was developed (Figures 2.2.7(a) 
I T a b l e  2 .2 -10  
RESIDUE ( S i  F ) ' CONVERSION BASED ON POLYMER INPUT / OUTPUT 
X Y  
NO. 1 
NO. ~ 
GMS POLYMER FORMED GMS POLYMER + 
RESIDUE CONVERTED 
OVERALL POLYMER 
X CONVERSION 

and 2.2.7(b). A constant  system pressure of 1-3 t o r r  r e s u l t i n g  from un i fo rm 
hornologue vo l  a t i  1  i z a t i  on was achieved. Th is  constant homo1 ogue pressure cor-  
responded t o  a  constant  concentrat ion o f  homologues enter ing  the  d i sp ropor t i ona t ion  
bed du r ing  t h e  course of the  conversion g f  polymer i n t o  s i l i c o n .  B r i e f l y ,  
the apparatus cons is ted  of a  movable r i n g  heater  which t raversed the  condensation 
t r a p  a t  a  uniform r a t e  and a l lowed a  constant  concentrat ion of homologues t o  
reach t h e  bed throughout  the  course o f  the experiment. 
I n  o rde r  t o  e l i m i n a t e  r e a c t i o n  s tep 1  and 2  va r ia t i ons ,  an a r b i t r a r y  
-set of r e a c t i o n  cond i t i ons  was chosen. SiF2 generator cond i t ions  consisted 
of a  1000 gm charge of 1-2 cm p a r t i c l e  s i z e  mg S i  heated t o  1 3 5 ~ ~ ~ .  SiF4 a t  
a r a t e  o f  0.25 gm/min was passed through the  heated S i  charge r e s u l t i n g  i n  an 
800 micron downstream pressure. The d i sp ropor t i ona t ion  bed work u t i l i z e d  a  bed 
c o n s i s t i n g  o f  a  1.5 i n c h  column o f  1-2 cm S i  p a r t i c l e s  located d i r e c t l y  above 
t h e  condensation t r a p  and heated t o  e i t h e r  500 '~  o r  850'~. The leng th  o f  t h e  
S i  packed column was 16 inches, 8 inches and 4  inches. 
Studies o f  polymer condensation temperatures aimed a t  achiev ing a  un i -  
form l i b e r a t i o n  r a t e  i n d i c a t e d  t h a t  - 7 8 ' ~  t rapp ing  o f  SiF2 t o  form (SiF2), 
polymer l e d  t o  a  un l f o rm and reproduc ib le  d i s t r i b u t i o n  of polymer w i t h i n  the  
condensation t rap .  Lower temperature cool  ing, e. g. , -1 9 6 ' ~  l e d  t o  uneven polymer 
d i s t r i b u t i o n  and t o  non-reproducible S i  F l i b e r a t i o n  upon heating. 
x Y 
For t h e  purposes of bed d i sp ropor t i ona t ion  studies, a  standard homolo>ue 
l i b e r a t i o n  r a t e  o f  0.4 gms homologues per  minute was used. This r a t e  of 
homolcgue l i b e r a t i o n  i s  comparable w i t h  the  r a t e  o f  SiF4 flow across the  S i  
bed i n  r e a c t i o n  step 1. 
Hence, w i t h  - 7 8 ' ~  condensation and a  un i fo rm heat ing r a t e  as obta ined 
w i t h  the  u n i d i r e c t i o n a l  e leva to r  heater,  a  constant  ' f r a c t i o n  o f  S i  F  homologues 
X Y  
was reproduci  bly i n j e c t e d  i n t o  t h e  d i sp ropor t i ona t ion  bed. This permi ted eval  u- 
a t i o n  of bed e f f i c i e n c y  i n  the  absence o f  r e a c t i o n  v a r i a t i o n s  previous t o  thermal 
d i sp ropor t i ona t ion .  \h 
2.2.5.2 Resul ts  and Discussion 
The goal o f  t h i s  aspect o f  t he  Si/SiF4 t ranspor t  process i n v e s t i g a t i o n  
t i 
.was t o  study f ac to r s  a f fec t ing  the thermal d ispropor t ionat ion o f  S i  F 
I x Y (x  >2 t o  11) i n t o  s i l i c o n  on s i l i c o n  packed beds. - 
Figure 2.2.8 i s  a histogram of the percent polymer un l iberated from 
the bu l k  of polymer formed a t  the terminat ion of the l i b e r a t i o n  procedure. 
. , 
-While t h i s  un l iberated f r a c t i o n  does not  imply any physical o r  chemical 
maximum l i b e r a t i o n  capaci ty i t  does i nd i ca te  t h a t  a known f r a c t i o n  o f  homo- 
logues was being l i be ra ted  w i t h i n  a constant t ime period. Further, and 
equal ly  important, i t  shows t ha t  downstream var ia t ions  i n  bed parameters 
.I e.g., bed length  and bed temperature d i d  not  a f f e c t  the l i b e r a t i o n  react ions 
(step 3) as expected. 
Step 3 
Figure 2.2.9 i s  a graph of % polymer conversion e f f i c iency  based on 
polymer i npu t  t o  the conversion bed versus conversion bed length  f o r  d i s -  
propor t ionat ion a t  850 '~  and 500'~. Table 2.2-11 gives the data i n  tabu lar  
, y form. The data obtained was subjected t o  a k i n e t i c  analysis i n  terms of a i 
- % .  steady s t a t e  i n t e g r a l  p lug f low reactor .  
The expression f o r  the r a t e  of reac t ion  i n  an i n teg ra l  reactor  i s  
thus a p l o t  o f  XA vs. V/FAo w i l l  have a slope a t  XAi 
s lope XAi = (-rAi) = (8) 
a i d  s ince CA = CAo (1 -XA) 
where CA = concentrat ion of A i n  moles c', a graph o f  (-rAi) VS.  Cli 
can be p l o t t e d  and the order  o f  reac t ion  w i t h  respect t o  obtained v ia  

Bed Length (inches) 
Figure 2.2.9 Conversion e f f i c iency  vs. bed length 
where k i s  the r a t e  constant, CA i s  the molar concentrat ion o f  A, and 
I 
n i s  the order. F i na l l y ,  
l o g  ( - rA)  = l o g  k + n l o g  CA 
a p l o t  o f  l o g  ( - rA)  vs. l o g  CA has a slope equal t o  n, the order of react ion,  
and an i n te r cep t  equal t o  l o g  k', the l o g  o f t h e r a t e  constant. 
The fo l low ing  i s  a k i n e t i c  analysis o f  the data co l l ec ted  on thermal 
d i  sproport ionat ion of homologues 1 i berated from the (S i  F2)x polymer. 
Table 2.2-11 Data co r re l a t i ng  S i  bed length  and 
conversion e f f i c i ency .  
Bed Length ( i n )  
Conversion Conversion 
Yi-kFF- 
0.50 
The mean value of the pressure measured a t  a po in t  midway between the d i s -  
propor t ionat ion bed and the condensat ion/ l iberat ion t r ap  was 
. P = 0.87 t o r r  u = 0.16 t o r r  
P = 1.14 x ats.  
. 
Table 2.2-1 2 and 2.2-1 3 present XA and V/FAo for  various bed lengths 
lead ing t o  a graph of XA vs. V/FAo as required by equation 11. Figures 
2.2.10 and 2.2.11 a re  graphs o f  XA vs. V/FAo f o r  850 '~  and 5 0 0 ~ ~  conversions 
respect ive ly .  The slopes o' f  the 1 ines a t  XAi a re  equal t o  (-rAi) as ex- 
pressed i n  equation 8. 
. f", 1 
3 
I 

Figure 2.2.11 XA vs. V/FAo (850'~ 1 500'~) 
Tables 2.2-14 and 2.2-15 present values o f  (-rA) fo r  various XA 
f o r  850 '~  and 5 0 0 ~ ~  conversions, making use o f  the expression CA o = (1-xAi) 
we may obta in  CAi a t  r A  f o r  XAi. 
Table 2.2-12 Data co r re l a t i ng  bed length  and !IFAo 
f o r  conversions conducted a t  850 C. 
v 'F~o 
BedLength V ( t ) + 2 . 6 %  (L hr mol-I  ) X~ 
Table 2.2-13 Data  co r re l a t i ng  bed length  8nd Y/FAo fo r  
conversions conducted a t  500 C. 
Bed Length ( i n )  V ( l )  2 2.6% vlF~o X~ 
(1 h r  mol-') 
16 0.5676 1.33 x 104 0.87 
8 e 0.2825 6.62 x l o 3  0,80 
4 0.1429 3.34 lo3 0.65 
Table 2.2-14 Data corre lat ing 1-XA and CA. 
slope = (-rA) 
= dXA/d(V/F 1 1 AoLml (1-x*) CA M h i 1  (moles Jt- hr ) 
Table 2.2-15 Data corre lat ing 1-XA and CA ( 5 0 0 ~ ~ )  
x~ 
0.4 
0.5 
0.6 
11 - 
0.70 
(moles 1-1 h r - l )  
0.0204 
0.0131 
0.0075 
0.0043 
1 - XA 
0.60 
0.50 
0.40 
0.30 
CA M hr- '  
7.44 - l o m 6  
6.2 - 1 0 ' ~  
4.96 - 
3.72 - loo6 
C) 
I 
By making use o f  equations 10 and 11 i t  can be seer: t h a t  a p l o t  o f  
F a l o g  (-rA) VS. l o g  CA should be a s t r a i g h t  l i n e  of slope n; where n i s  equal I t o  the order o t  the react ion w i t h  respect t o  CA. Figure 2.2.12 i s  a graph 
of l o g  ( - rA)  vs. l o g  CA fo r  the 850 '~  and 500'~ conversions. The slope of 
t h e  l i n e  f o r  the 850 '~  conversion i s :  
n = slope = 2.98 
loglOk = in te rcep t  - 13.86 
I k = 1.67 x 10 l4 M - ~  hr-' Corre la t ion c o e f f i c i e n t  = 0.993 
< 
\ A k i n e t i c  analysis o f  homologue conversion on a s i l i c o n  packed bed 
i n  tenms of an i n teg ra l  plug f low reactor  has shown tha t  our data i s  i n t e r n a l l y  
I s  ,- , cons is tent  and elucidates the re i a t i onsh i  p between bed length, residence time, r J 
conversion e f f i c i e n c y  and react ion order. 
. . .  . .  . . . .., . .. 
2.2.6 Thermal Disproport ionat ion on Low Pressure F lu id ized Beds -
. . 
2.2.6.1 Experimental 
I n  order t o  achieve greater throughput, experimentation wa's d i rec ted \, 
&.~"PJQ \\ 
toward,? . ,. ;lopment and u t i l i z a t i o n  o f  a low pressure f l u i d i z e d  d ispropor t ionat ion 
l<~,$kj) 
bed. 
I n  our i n i t i a l  f l u i d i z e d  bed experiments, a small Pyrex model was con- 11 
s t ruc ted (see Figure 2.2.13) and operated t o  determine f low ra tes and pressure 
drops associated w i t h  low pressure s i l i c o n  bed f l u i d i z a t i o n .  It was found t h a t  
! ' for  a 1" diameter bed, flow ra tes of 400 - 900 sccm were requ i red f o r  f l u i d i z a t i o n  
~ F j s i l i c o n  p a r t i c l e s  o f  0.6 mm. Furthermore, pressure drops o f  on ly  3-10 t o r ?  
were observed per inch o f  bed height. Bed heights o f  I", 3" and 4" resu l ted  i n  
minimum pressure drops s f  3, 10, and 15 t o r r  respect ive ly  f o r  f l u i d i z a t i o n .  
/ 
The experimental se t  up i s  shown i n  Figure 2.2.14. Polymeric ( s iF2 l x  
\ was condensed a t  -78 '~  i n  t r ap  No. 2 from gaseous SiF2 emerging from the stage 
1 reac to r  (No. 1) .  SiF2 was generated i n  the previously described manner. 
L i be ra t i on  o f  gaseous h&nologues from (SiF2)x polymer was achieved by passing 
the heated e levator  (No. 3; a t  a f i x e d  r,ate across the polymer f i l m  deposited 
on the i ns i de  of t r ap  No. 2. 1 j  Concurrent _ w i t h  l i b e r a t i o n  o f  homologues from the 
polyn~er, helium was passed th?ough , - the stage 1 reactor  and"Yhereby heated!to 
> 
Figure. 2.2.12 (-rA) v S *  CA 


J 
t ,? 6 - approximately 500'~. From there i t  was i n j ec ted  i n t o  t rap  No. 2 e f -  f e c t i v e l y  sweeping the homologues i n t o  the f l u i d i z e d  bed. The vacuum k 
r system was backed by an Edwards 23 cfm roughing pump. This pumping 
t capaci ty was found t o  be necessary f o r  f l u i d i z a t i o n  of the described 2 
beds a t  low pressure. \ '  
, The bed i t s e l f  consisted of a 2 inch I D  by 14 inch long quartz 
vessel packed w i t h  0.589 mm t o  1.40 mm s i l i c o n  pa r t i c l es .  The bed was 
heated t o  800'~ by an external  'clam she l l  heater. The function o f  the 
f l u i d i z e d  bed was t o  af fect  i n t e rac t i on  between the hot  s i l i c o n  p a r t i c l e s  
and gaseous homologues r e s u l t i n g  i n  thermal d ispropor t ionat ion of the l a t t e r  
onto the s i l i c o n  pa r t i c l es .  
. . ... 
2.2.6.2 Results and Discussion 
Table 2.2-16 presents the basic parameters affect ing theonset o f  
f l u i d i z a t i o n  f o r  the best  observed f l u i d i z a t i o n  for  a p a r t i c u l a r  bed length  
a t  room temperature. S i l i c o n  bed lengths were var ied from 6, x 2 inches t o  
1.5 x 2 inches. It w i l l  be noted t h a t  i n  a l l  cases f l u i d i z a t i o n  occurred a t  ! I  
upstream pressure equal t o  o r  less  than 20 t o r r .  
Table 2.2-16 
Bed length  
(inches) Pressure upstream ( t o r r )  downstream ( t o r r  ) He flow s 1 m 
One experimental d i sp ropor t i ona t ion  was success fu l l y  c a r r i e d  out .  
I n  t h i s  experiment 34.7 gms o f  polymer were condensed from SiFp w h i l e  
25.5 gms of t h e  polymer (SiF2)x was converted i n t o  homologues du r ing  
l i b e r a t i o n  and swept i n t o  t h e  f l u i d i z e d  bed. This was a low l i b e r a t i o n  
e f f i c i ency .  However, a 74% conversion e f f i c i e n c y  was achieved on t h i s  
p r e l  im inary  experiment, t he  c a l c u l a t i o n  being based on the t o t a l  weight  
o f  unconverted homologues t h a t  d i d  n o t  undergo thermal d i s p r o p o r t i o n a t i o n  
f o l l o w i n g  i n j e c t i o n  onto the  f l u i d i z e d  bed. 
2.2.7 Pneumatic L i f t e r  as a S i l i c o n  Harvester 
2.2.7.1 Experimental 
Experiments were conducted t o  asce r ta in  t h e  p o t e n t i a l  of conyer t i ng  
t h e  S i  F homologues i n t o  s i l i c o n  by thermal d i sp ropor t i ona t ion  of t h e  homo- 
x Y 
logues on a low pressure pneumatic l i f t e r .  The goal i n  these experiments was 
t o  demonstrate t h e  capab i l  i t y  o f  pneumat ical ly  1 i f t i n g  s i l  i con  p a r t i c l e s  through 
,+-+- a r e a c t i o n  zone con ta in ing  S i  F homologues. ) .  
, 
X Y  
'+ P F igu re  2.2.15 ill us t ra tes  t h e  experimental appratus used t o  de f ine  
opera t i ona l  parameters f o r  a low pressure pneumatic l i f t i n g  reac tor .  S i l i c o n  
p a r t i c l e s  ( ~ 0 . 6 0  mm diameter) were   laced i n  the  hopper and t h e  ent i : re apparatus 
pumped down t o  1 t o r r .  
I n j e c t i o n  o f  c a r r i e r  gas a t  t he  c a r r i e r  gas i n l e t  (see Table 2.2-17 f o r  
gas f lows and pressures) a f fec ts  a s l i g h t  pressure drop across t h e  S i  p a r t i c l e  
hopper. This r e s u l t s  i n  s i l i c o n  being fed  from the  hopper t o  t h e  l i f t i n g  tube 
through t h e  s i l i c o n  feed tube. S i l i c o n  p a r t i c l e  feed r a t e  was c o n t r o l l e d  by 
t h e  pressure drop w i t h i n  the  s i l i c o n  p a r t i c l e  hopper. Fol lowing i n j e c t i o n  i n t o  
t h e  l i f t i n g  tube, t h e  s i l i c o n  p a r t i c l e s  are pneumat ical ly  l i f t e d  up t h e  tube 
and c o l l e c t e d  i n  t h e  p a r t i c l e  c o l l e c t o r .  
Column 1, Table 2.2-17 g ives t h e  cond i t ions  o f  C02 c a r r i e r  gas f low,  
S i  feed ra te ,  c a l c u l a t e d  r e s u l t a n t  pressures, and ca lcu la ted  p a r t i c l e  v e l o c i t i e s  
der ived f rom previous experimental t e s t i n g  w i t h  he1 ium. Column 2; Tab1 e 2.2-1 7 
presents the  experimental data obta ined from i n i t i a l  low pressure p a r t i c l e  
6"'- 1 i f t i n g  experiments. Note the  good c o r r e l a t i o n  between c a l c u l a t e d  upstream 4 .  pressure and the  experimental va l  ue. 

Gas 
Temperature OC 
Pressure Torr  
Flow (sCi ) 
P a r t i c l e  Size 
Tube d ia . ,  inch 
Velocity cm/min. 
Solids Flow g/min. 
Cal c. 
-
1 
- 
Expe r . 
2 
- 
F igu re  2.2-16 i s  a schematic diagram o f  a low pressure pneumatic 
l i f t i n g  r e a c t o r  which makes use o f  a recharging s i l i c o n  hopper. Here heated 
s i l i c o n  p a r t i c l e s  a r e  t ranspor ted up through t h e  r i s e r  tube (3) where they 
r e a c t  w i t h  reac tan t  gases ( S i  F homologues). Fol lowing r e a c t i o n  w i t h i n  t h e  
x Y 
rOser tube, t h e  s i l i c o n  p a r t i c l e s  a re  dumped onto t h e  top of t h e  s i l i c o n  
hopper where they a r e  heated t o  r e a c t i o n  temperature p r i o r  t o  r e i n j e c t i o n  
\ 
i n t o  t h e  gas stream. Fines are  c o l l e c t e d  -in the  p a r t i c l e  c o l l e c t o r  and 'product 
c o l l e c t e d  a t  an appropr ia te  l o c a t i o n  w i t h i n  - the  hopper. 
The s i l i c o n  feed system i n  the  apparatus depicted i n  F igure  2.2.16 
cons is t s  o f  a J va lve  arrangement. A pressure d i f f e r e n t i a l  across the  bed 
caused by  hel ium i n j e c t i o n  a t  t he  J va lve  forces s i l i c o n  p a r t i c l e s  i n t o  the  
main r i s e r  tube where they a r e  mixed w i t h  t h e  reac tan t  gases. 
. 
Table 2.2-18 presents opera t iona l  parameter data f o r  t h e  recharging 
pneumatic 1 i f t i n g  reac to r .  
- I  Both r e a c t o r  setups were backed by a 23 cfm Welch vacuum pump. Low 
pressure pneumatic 1 i f t i n g  o f  so l  i d  chemical reac tants  through a r e a c t i o n  zone 
was s a t i s f a c t o r i l y  demonstrated. 
2.2.8 Discussion and Conclusions : From S i  F Homo1 ogue Conversion Experiments 
. ,  , ,  . . . . .  . . .  . ,  . .  . .  . X Y . .  . . . 
2.2.8.1 Residence Time vsI 'Cariversion E f f i c i e n c y  Cor re la t ions  
Previous sec t ions  have discussed the  conversion e f f i c i e n c i e s  o f  S i  F 
x Y 
homologues on s i l i c o n  packed beds and on f l u i d i z e d  beds conta in ing  s i l i c o n  
p a r t i c l e s .  A k i n e t i c  ana lys is  o f  t he  homologue conversion i n  terms o f  a steady 
s t a t e  i n t e g r a l  p lug  f l o w  reac to r  was presented. From these data c o r r e l a t i o n s  
between homologue residence t ime w i t h i n  t h e  reac t i on  zone and conversion ef- 
f i c i e n c y  can be derived. These c o r r e l a t i o n s  a r e  presented i n  Table 2.2-19 
and Figure 2.2.17. Here i t  w i l l  be noted t h a t  f o r  s i m i l a r  residence t imes 
w i t h i n  t h e  r e a c t i o n  zone, comparable conversion e f f i . c ienc ies  a re  obta ined fo r  
t h e  var ious  types o f  d i sp ropor t i ona t ion  reactors.  The ca lcu la ted  res idence 
t i m e  versus expected conversion e f f i c i e n c y  f o r  the  p ro jec ted  one k i logram p e r  
hour m i n l - p l a n t  pneumatic r i s e r  w i t h  gas v e l o c i t y  o f  20 ft. sec-I i s  shown. 
3. L i f t i n g  tube 
react ion zone 
<'r 
Gas 
Temperature OC 
Table 2.2-18 
Series A 
Pressure (torr) 80 
Paqficle Size (mm) 0.60-1.5 
- 4 
/- 
Series B 
Flow std. k (min-l) 
(carrier) 
Tube Diameter 0.75 
Table 2.2-19 
\\ 
Data f o r  conversion efficiency vs. residence time 
Packed 
Fluidized 
L i f t e r  
Bed Length 
- ( i n )  
21.4 ft. 
Conversion 
. (a Residence Time (sec) 
Packed bed 
Fluidized bed 
I Pneumatic r i s e r  
Residence Time (Sec. ) 
Figure 2.2.17 
However, results from experiments conducted since termination of the 
Motor01 a-JPL/DOE contract indicate that the projected resi deuce time versus 
conversion efffcfency correlation for the pneumatic riser is very conservative 
and may give high conversion efficiency at residence tiines considerably less 
than one second. 
Thermal disproportionation of Si F homologues on various types 
x Y 
conversion apparatus has been conducted. These studies have shown that 
conversion efficiencies and high throughputs of homologues are feasible. 
is concluded based on our work that conversion of the ( S ~ F * ) ~  polymer to 
silicon is a viable process in terms of both1throughput and conversion e 
ficiencies as presented. 
of 
high 
It 
Chemical Process Feas ib i  1 i ty Via t h e  Near-Continuous Apparatus 
I 2.3.1 I n t r o d u c t i o n  
Dur ing  the  i n i t i a l  year  of t he  c o n t r a c t  numerous experiments were 
conducted which were d i r e c t e d  toward l ong  r u n  times (1/4 - 4 horrrs) a t  
i s i l i c o n  t r a n s p o r t  p u r i f i c a t i o n  rate; o f  5-20 g/hr. The o b j e c t i v e s  o f  
these p r e l  in1inai.y experiments were to :  produce s i  1 i c o n  f o r  eva lua t ion ,  
s tudy  and improve t h e  t r a n s p o r t  r a t e s  and t o  improve the  y i e l d .  These 
l a '  s tud ies  were termed chemist ry  feas i  b i t  i t y  studies.  
Typ i ca l  s i l i c o n  y i e l d  data from these t r a n s p o r t  experiments a re  
tabu la ted  i n  Table 2 . 3 4 ,  I n  F igure  2.3.1 can be found a diagram o f  
t h e  apparatus used I n  these i n i t i a l  experiments. During these runs the  
h ighes t  r i l  i con  t ranspor t  r a t e s  were ob ta ined when the ( s ~ F ~ ) ~  polymer was 
> 
, converted under hel ium a t  a pressure s l i g h t l y  g rea ter  than one atmosphere 
a t  temperatures from 200 t o  4 0 0 ~ ~ .  Maximum run  times of  4 hours were 
s .,"a ach'l'eved w i t h  a maximum s i l i c o n  t r a n s p o r t  r a t e  o f  22 gm/hr. The s i l l ' con  
;*I - f rom these p r e l i m i n a r y  experiments was i n  t h e  form o f  f l a k e s  and very  f i ne  
.i 
g r ~ ?  n powders. 
Dur ing t h e  course of these experiments i t  became apparent t h a t  an ap- 
paratus design change would be necessary i f  h ighe r  throughputs were t o  be 
achieved w i t h  l e s s  downtime between runs. Furthermore, new s i l i c o n  ha rves t i ng  
techno log ies  requ i red  t e s t i n g  be fo re  t h e  process could be scaled t c  an 
engineer ing demonstrat ion stage. 
Thus, an apparatus o f  t he  near-cont inuous (N-C) design was proposed 
and bui' i  t. 
F igure  2.3.2 i s  a schematic diagpam o f  the  near-continuous apparatus. 
The apparatus i s  a system s tand ing  about 8 '  h igh  and occupying a f l o o r  space 
It was designed t o  approximate a cont inuous ly  ope ra t i ng  pro-  
em. Dur ing a t y p i c a l  1 hour r u n  t h e  system draws a t o t a l  of 
5 
\ >  ,- { I  Table 2.3-1.. Prel iminhry s i l i c o n  preparatlon experiments 
>- 
S i  F4 FLOW 
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'igure 2.3.1. Schematic o f  the silicon purification apparatus 
used i n  the chemistry studies before censtruction 
of the N-C apparatus. 
Figure 2.3.2. Depicted above i s  the near-continuous apparatus as 
(i modified for  s i l  icon purification experiments. The 
i apparatus includes a vertical  reaction furnace, re- 
, 
, chargable C.V.D. Si F disproportionation bed and 
unitized SiF2 polym~rYcondensation/liberation co i l .  
I ."I 
~ 1 0  KVA and consumes %30 l i t e r s  of l i q u i d  N2. The fo l lowing describes 
t he  i nd i v i dua l  pa r ts  i n  more d e t a i l .  
2.3.2.1 - SiF4 I n l e t  System 
A so l  i d  s t a t e  t o r s i on  balance from Synthatron Corp. (Edgewater, 4.5.) 
was employed t o  determine the weight o f  l a rge  SiF4 cy l inders  t o  w i t h i n  
+ 0.5 gm. The weight of the cy l i nde r  i s  ta red t o  zero a t  the s t a r t  o f  
-
a run. A t  t he  f i n i s h ,  the weight of SiF4 de l i ve red  i s  read d i r e c t l y .  
During t y p i c a l  1  hour runs a t  flows of Q300 gm SiF4/hr., the + 0.5 gm pre- 
- 
c i s i o n  represents an accuracy of b e t t e r  than 0.2%. A photograph of the ap- 
paratus i s  shown i n  Figure 2.3.3. 
The SiF4 flows out  of t he  cy l i nde r  through a  pressure regu la to r  
( ~ 1 0  ps i ) ,  through a  Matheson mass flow con t ro l l e r ,  and i n t o  the N.C. 
apparatus. The f l ow c o n t r o l l e r  i s  used t o  regu la te  the r a t e  of f low, and 
the scale i s  used t o  moni tor  the  f low. The pressure o f  the SiF4 i n l e t  i s  
monitored v i a  a combination low presure gauges (Hastings 0-800 t o r r  and 
0-10 t o r r ) .  
2.3.2.2 Step 1  Reactor 
I n  Figure 2.3.4 i s  i l l u s t r a t e d  the step 1  reactor. I n  essence the 
reac to r  i s  a  1" I.D. quartz tube, conta in ing mg S i ,  enclosed i n  a  M u l l i t e  
tube which withstands the pressure d i f f e ren t i a1  a t  1350'~. The vacuum seals 
are  made w i t h  V i ton o-r ings.  The reac t ion  tube i s  placed i n  a  v e r t i c a l  
mounted Marshal 1  furnace w i t h  the temperature monitored by an ex terna l  Pt jRh 
thermocouple (Type R) . 
The primary dif ference between t h i s  reactor  and e a r l i e r  models used 
" 
i n  t h e  p re l im inary  studies i s  t h a t  i t  has a  v e r t i c a l  conf igura t ion,  which 
f a c i l i t a t e s  s i l i c o n  recharging and minimizes tunnel ing through the bed. 
The mg S i  charge consisted o f  Union Carbide Corp. s i l i c o n  (5-15 mesh) 
which had been mixed w i t h  1% (by weight) o f  h igh p u r i t y  quartz sand (Thermal 
American Fused Quartz).  The 400 gm charge i s  supported by 40 gm of s i l i c o n  
I< Figure 2.3.3 I n  the photo above i s  shown the 
near-continuous s i  1 icon p u r i f i c a t i o n  apparatus 
w i t h  modi f icat ions incorporated. 
Figure 2.3.4. Depicted above is 6 sketch of the step 9 
reactor in the near-continuous apparatus. 
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chunks (10 mm) i n  turn supported on a quartz grid. 
P 2.3.2.3 Particulate Baffle 
The part iculate  baff le  shown in Figure 2.3.2 was incorporated i n -  
- - 
t o  the system to remove free flowing particulates in the SiF2 gas stream. 
These part ic les  originate as unreacted mg Si or  as small f lakes of impure 
s i l icon  which have deposited downstream from the step 1 reactor i n  a tem- 
perature zone near 600'~. Emission spec. analysis verified that  both of 
' these materials contained high levels of metallic impurities. An additional 
function of the baff le  was t o  help provide a cooler area for  the condensation/ 
nucleation of non-volatile impurities d i s t i l l i n g  from the s tep 1 reactor. 
\ 
I . .  . . . . . .  . . .  1 
2.3.2.4 Low Temperature Condensation Coil 
I In Figure 2,3.5 i s  shown the low temperature condensation co i l .  
This part  of the system i s  a 3" diameter quartz assembly with 4 internal 
quartz co i l s  constructed from 10 mm diameter tubing. The in l e t s  and out le t s  
on the co i l s  are fabricated w i t h  a built- in internal thermocouple well. 
During the course of the experiments l iquid N2 was fed into the ap- 
paratus from a 160 l i t e r  tank. The liquid N2 flowing through the bottom 
three co i l s  was mixed with room temperature Np t o  increase the temperature 
t o  about - 1 0 0 ~ ~ .  Liquid N2 was fed d i rec t ly  into the top t o i l .  In the 
se r i e s  of experiments in which the4 H of polymerization was measured for  
(SiFZ)x. the exhaust N2 flow was monitored via a rotameter. The rotameter 
was connected to the co i l s  through a 30 foot piece of tubing which allowed 
the temperature of the N2 exhaust to  equi l ibrate  to near room temperature 
(25'~) before entering the rotameter. Consequently no temperature correction 
was made in the calculation of the volume of N2 exhaust. The calculated 
surface areas of the low temperature co i l s  are  l i s t ed  in Figure 2.3.5. 
After the N2 had been flowing through the coil about 5 minutes and 
the temperature had s tabi l ized,  SiF4 flow was begun into the stage -1 reactor 
zone, i n i t i a t ing  the formation of a SiF2/SiF4 mixture. This was fed to  the 
low temperature co i l s .  The majority of the SiFZ polymerized on contact with 
. .-. .-- -.--- 
--- To Trapu mnd Pump 
Exhaust 
Nt Now !lo ter 
" 9, t h e  f i r s t  c o i l .  Residual SiF2 (2.2-10%) and unreacted SiF4 (20-40% o f  
t h e  process stream) condensed on t h e  top  ( l i q u i d  N2) c o i l .  
A t  the  complet ion of an experiment t h e  SiF4 flow was discontinued, 
fol lowed by te rminat ion  of the N2 flows. The (SiF2)x polymer and SiF4 
condensation zones were al lowed t o  warm t o  ambient. The process was ac- 
companied by v o l a t i l i z a t i o n  o f  unreacted SiF4 which d i s t i l l e d  i n t o  r e -  
movable weighed condensation t raps.  The complet ion o f  t h e  d i s t i l l a t i o n  
processes was s ignaled by t h e  r e t u r n  of t he  system t o  t h e  i n i t i a l  background 
pressure. A pressure recorder was used t o  more c l e a r l y  de f i ne  the necessary 
pressure. The t r a p  conta in ing  t h e  unreacted SiF4 was removed and weighed 
(w i thout  warming) on an automatic M e t t l e r  open pan balance. The n e t  SiF4 
reacted ( i  e . ,  SiF4 de l i ve red  minus SiF4 recovered), d i v ided  by the  SiF4 
del ivered,  y i e l d e d  step 1 r e a c t i o n  e f f i c i e n c y .  
2.3.2.5 S i l i c o n  Harvest ing 
R\' Figures 2.3.6 and 2.3.7 a re  sketches o f  the s l l i c o n  harves t ing  bed 
% , assembly. The bed i s  located d i r e c t l y  below the low temperature c o i l .  
- During opera t ion  i t  i s  heated t o ~ 8 0 8 ~ ~  w i t h  accompanying coo l i ng  of t he  
S i  F recyc le  c o i l  (see Figure 2.3.2). To begin the  harves t ing  opera t ion  
x Y 
t h e  (SiFp), polymer on the  c o i l s  i s  heated by ex terna l  u n i t i z e d  heat ing.  
I n  t h e  u n i t i z e d  heat ing  process small  sect ions are s e q u e n t i a l l y  heated 
s t a r t i n g  a t  t he  bottom, l eav ing  p rev ious l y  heated sec t ion  ho t .  A maximum 
temperature o f  about 350-375'~ i s  reached dur ing  t h i s  procedure. During t h e  
process the  (SiF2)x polymer i s  converted i n t o  lower molecular  weight S i  F 
. X Y  
homologues which d i s t i l l  from the  h o t  zone and through the  ho t  harves t ing  bed. 
A t  S i  F p a r t i a l  pressures above ~7 t o r r  t h e  f o l l o w i n g  homogeneous s i d e  r e -  X Y  
a c t i o n  appears t o  occur which y i e l d s  a f i n e  s i l i c o n  powder. 
>300°c , 
SixFy 7 t o r r  - X 2 S i  + E S i F 4  2 Step 3b 
The remaining S i  F homologues break down y i e l d i n g  CVD s i l i c o n  d i r e c t l y  an- X Y  
t o  the  s i l i c o n  i n  the  harves t ing  bed. 
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Figure 2.3.6 In the figure above i s  sketched the entire quartz flange assembly. The assembly i s  composed o f  
4" quartz flanges (see Fig.2-3.81, connecting quartz tubing (sizes 95/100 mm and 76/80 mm) , and 
Kimax metal flanges with appropriate bolts, nuts, springs and washers. The flanges are sealed 
vis a duplex Gore-Tex Teflon sealant/V I ton o-ring method. 
Figure 2.3.7 Shown above i s  the removable s i l icon harvestor. i t  i s  comprised of a Quartz sleeve inser t  containing 
the s i l icon bed which seals w i t h  Gore-Tex Teflon Joint  Sealant. The bed i s  removed by opening the 
seal (see F i  ure 2.3.6 located abov the bed nd pulling the bed via the hook eyes. The Si bed 
i s  heated wi?h a res i s  1 ance furnace ?not shown?. 
A t  t h e  complet ion o f  a  run  t h e  SiF, i s  d i s t i l l e d  i n t o  a removable 
t trap and weighed. The weight  of t he  SiF4 i i b e r a t e d  from the (SiFP)x polymer i s  used t o  c a l c u l a t e  the  mass o f  s i l i c o n  transported. 
S i  F homologues which d i s t i l l e d  through the  harvester  bed w i thou t  
X Y  
convers ion and a r e  c o l l e c t e d  on the S i  F  recyc le  c o i l  a re  recyc led as f o l -  X Y  
lows. The low temperature c o i l  i s  cooled and the harves ter  bed i s  heated 
as before,  f a l l owed  by ex terna l  heat ing  o f  t he  S i  F  recyc le  zone t o  350'~. X Y  
, The S i  F homologues d i s t i l l  back through the bed. ble have observed t h a t  
X Y  
i- as much as ~ 9 8 %  o f  the  S i  F  recycled was converted i n t o  S i  and SiF4 on t h e  
x  Y 
second pass. The SiF4 l i b e r a t e d  i s  trapped and weighed. 
S i l i c o n  removal f romthe harvester  i s  accomplished by b a c k f i l l  i n g  the 
system w i t h  argon t o  atmospheric pressure and opening the 4" f lange seal above 
I t h e  harves ter  (see Figure 2.3.7). The removable quartz  harves ter  bed i s  then 
withdrawn. The havres ter  bed i s  i n v e r t e d  and the s i l i c o n  chunks and powder 
a re  poured i n t o  a  quar tz  c ruc ib le ,  The S i  chunks are  separated from t h e  
powder by screening and are  returned t o  the  harvester  which i s  reassembled. 
,I ,, The harvested s i l i c o n  i s  s tored under argon f o r  subsequent ana lys i s  o r  c r y s t a l  
growth. 
2.3.2.6 Quar tz  Flanges and Seals 
The 4" con ica l  f7anges were purchased from Thermal American Fused 
Q.uartz Co. w i t h  0 - r i n g  groove ground t o  a  depth of 0.055" (see Figure 2.3.8). 
The Parker V i  t on  o- r ings  were s i z e  2-157. The Gore-Tex j o i n t  sea lant  (100% 
v i r g i n  TFE f luorocarbon) was suppl ied by  Quadna (Tucson, Az.). E a ~ h  f lange 
assembly cons is t s  o f  two 4- 'rich quartz flanges (Thermal. American Fuzed Quar tz  
Co.) w i t h  o - r i n g  grooves. To i s o l a t e  t h e  V i ton  o- r ings  from the S i  F  homo- X Y  
logues, a  quar t z  sleeve was attached t o  the  upstream quar tz  f lange and extends 
past  t h c  seal .  Furthermore, a  'Teflon seal  (Gortex Tef lon  J o i n t  Sea"mt,  
I 
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F i g u r e  2.3.8 In the f i g u r e  above i s  sketched the 4" 1.D. conical quar tz  f l a n g e .  The flange assern57y 
i s  shown i n  F i g u r e  2.3.6. 
1/8 i nch )  was p laced i n s i d e  t h e  o - r i ng  t o  f u r t h e r  i s o l a t e  the o - r i n g  
from S i  F homologues. The Tef lon J o i n t  Sea lant lV i ton  o - r i n g  combi- X Y  
n a t i o n  sea lsa ta  lower compression than a simple Tef lon  seal.  The com- 
pression f o r  t he  seal i s  supp l ied  by a Kimax conical  p ipe  f lange coup l i ng  
assembly equipped w i t h  e i g h t  b o l t s  t igh tened t o  about 30 i nch  pounds. 
2.3.2.7 Temperlature and Pressure Moni to r ing  
The temperatures i n  t h e  step 1 reac to r  furnace and harves ter  bed 
C r e  monitored by i n s e r t i n g  a c a l i b r a t e d  Pt/Rh ( type "R") thermocouple between 
t h e  furnace and t h e  r e a c t o r  tube. On those occasions when an i n t e r n a l  probe 
was used, uranium glass graded seals were made t o  the  p lat inum leads f o r  
seal i ng . 
Temperature measurements i n  the  (SiFZ)x polymer condensation area 
were made w i t h  I ronIConstantan thermocoup7es ( type J). Special  thermocouple 
w e l l s  were' b u i l t  i n t o  t h e  center  of t h e  apparatus so t h a t  i n t e r n a l  temper- 
atures cou ld  be measured. I n  a d d i t i o n  t o  moni to r ing  the temperature w i t h  
c a l i b r a t e d  Dor ic  Trend ica tor  400A Type J and R d i g i t a l  readouts, t he  temper- 
a tures  were a1 so recorded on mu1 ti channel Rus t r a k  m in ia tu re  temperature 
recorders.  It was found tha t ,  a f t e r  c a l i b r a t i o n ,  accuracies o f  + 1°c ( I i m i -  
- 
t a t i o n  o f  reading t h e  c h a r t  paper) were r e a d i l y  obta ined on these low c o s t  
instruments. 
Pressure measurements were made w i t h  c a l i b r a t e d  Hastings vacuum 
gauges (e.g., DV-4D and DV-890) and were recorded on a Hastings MRV-4 vacuum 11 : 
recorder.  
I 
2.3.3 Results a:id Discussion 
" 
I n  the  previous sec t ion ,  the  N.C. apparatus was described i n  d e t a i l  
i n  add i ton  t o  a desc r ip t i on ,  o f  t h e  opera t iona l  procedures of t he  system. I n  
t h e  present  s e c t i o n  r e s u l t s  w i l l  be presented and t h e i r  s i g n i f i c a n c e  d i s -  
cussed f o r  t h e  fo l l ow ing  type3 of experiments. 
- 
i) Cal i b ra t i on  experiments on s.g. s i l i c o n .  
ii) S i l i c o n  sample product ion runs from mg s i l i c o n .  
iii) Si  F recyc le  experiments. 
x Y 
i v )  AH o f  polymerizat ion and heat t r ans fe r  ca lcu la t ions  
2.3.3.1 C a l i  b ra t i on  Experiments on Semiconductor Grade S i l  i con 
The purpose o f  the c a l i b r a t i o n  experiments was t o  i d e n t i f y  the 
impur i t i es  which are introduced i n t o  the s i l i c o n  product from the N.C. 
\ I  
apparatus and SiFq reactant .  Thus semiconductor grade s i l i c o n  ($65 ohm cm) i 
was crushed and loaded i n t o  the reactor .  S i x  runs were made and the s i l i c o n  
harvested a f t e r  the  t h i r d  and s i x t h  runs. The operat ional  parameters observed 
dur ing the  runs are  contained i n  Table 2.3-2. During these runs (N.C. 70 t o  
N.C-75), t o t a l  downstream pressures o f  0.5 t o r r  were considered nominal and 
the SiF4 flow was adjusted t o  mainta in t h a t  pressure. The f o l l ow ing  i s  a 
d iscuss ionofobservat ions made dur ing these runs. 
i )  Step 1 
Throughout th isser ies ,  step 1 conversion e f f i c i e n c i e s  remained very 
constant. Our work t o  date has demonstrated t h a t  the step 1 conversion ef- 
f i c ienc ies  are d i r e c t l y  dependent upon the r eac t i on  temperature and SiF4 
react ion pressure when a s u f f i c i e n t l y  long residence time i s  provided t o  
ensure equi 1 i brium. A more thorough discussion o f  the thermodynamics of 
step 1 can be found i n  Appendix I. 11 
i i )  S t e p 2  
I 
I n  t h i s  ser ies  o f  experiments the temperature o f  the gaseous N2 
coolant was se t  a t  -130'~ f o r  adequate coo l ing dur ing polymer formation. 
If a coo lant  w i t h  a h igher heat capaci ty were used such as l i q u i d  f reon,  
then polymer formation could be accompl ished w i t h  coolant temperatures a t  
-70' t o  -80'~. The length  of run was l i m i t e d  t o  1 hour. E a r l i e r  runs 
(N.C. 33 and N.C.-40) demonstrated t h a t  the quan t i t y  o f  polymer p 8 0 0  gb) 
formed dur ing a two hour run was s u f f i c i e n t  t o  shear the inner  c o i l  as the 
/, 
89 
i t  /S.I, 
ai eg <\ * i 1 - 
Table 2.3-2. Operational parameters observed during runs NC 70-75 
. . .. 
Si F Recycle 
i X Y  
Si F '  Recycle 
X Y  
z Silicon Harvested 132 gms 
j _ - - - _ - _ - _ _ _ - - _ - _ - - - - - - - - - - - - - - - - - - - - - ~ - - - - - - - - - - - - - - - - - - - - - - - - - -  
1 
- 
, 
Si F Recycle (1 
X Y  5.4 
96.0 A V ~ ( C )  52.7-Avg (c 1 
_---_---_----_-_--------------------- ------------- ------------- 
Silicon Harvested 104.2 gm; TOTAL SILICON HARVESTED 236.2 gm 
(a )  Measured value; ( b j  Calculated value; (c) Includes Si F recycle. 
X Y  
polymer expanded du r ing  warming. To date  no such problems have occurred 
d u r i n g  1 hour runs. 
I -~ , i i i )  Step 3 
U n i t i z e d  hea t i ng  of t he  polymer and conversion i n t o  S i  F 
x Y homologues was adopted t o  uni formly conver t  t h e  polymer i n t o  v o l a t i l e  com- 
pounds. I n  ou r  e a r l i e r  runs, before u n i t i z e d  heat ing,  the  e n t i r e  mass o f  
polymer was heated s lowly.  It was found t h a t  a t  a temperature between 
200-250'~ a1 1 o f  t he  polymer r a p i d l y a  converted i n t o  v o l a t i l e  species, which 
sharp ly  increased the pressure. I n  subsequent c a l o r i m e t r y  s tud ies ,  i t  was 
found t h a t  the  polyrner undergoes two exothermic conversions, t h e  l a r g e s t  
0 9 being near 280 C. 
i v )  Step 4 
A packed bed s i  1 i con  harves t ing  arrangement was incorpora ted  i n t o  
the N.C. apparatus because of i t s  s i m p l i c i t y  and ease of opera t ion .  Two draw- 
backs a r e  t h e  smal l  f i x e d  amount o f  f ree  volume and i t s  tendency t o  c l o g  as 
i t  i s  f i l l e d .  The q u a n t i t y  of s i l i c o n  which clogged the  bed was found t o  be 
about 10% of t h e  t o t a l  mass of t he  bed. Thus, a f t e r  2 o r  3 one hour runs 
the  harves ter  requ i red  opening, powder removal , and reassembly. 
O f  t h e  s i l i c o n  harvested from the 3 one hour runs, t y p i c a l l y  about 
50 gm o f  s i l i c o n  was i n  the form of powder, another 75 gm was chemica l ly  
vapor deposi ted on the  bed and 25 gm l o s t  as blowby t h r u  the bed o r  because 
i t  never reached the  bed. However no permanent l a y e r s  o f  s i l i c o n  o r  polymer 
were observed t o  form i n  the  low temperature c o i l  area. 
A mass balance f o r  s i l i c o n  and fo r  SiF4 du r ing  the  sg s i l i c o n  runs 
i s  as fo l lows.  
S i l i c o n  Mass Balance 
Step 1 r e a c t o r  (observed) Step 1 r e a c t o r  ( ca l cu la ted )  
S i  1 i c o n  charge 520.8 gm gm SiFa reacted 967.6 gm 
S i l i c o n  unreacted 237.5 gm mole S i  F reacted 9.30 moles 
S i l i c o n  consumed 283.3 gm S i l i c o n  ?onsumed 260.4 gm ;r" *:: 
'y : 
f; 4 ~ .  4 
4: S i l  i c o n  Harvest (observed) Ca lcu la ted  
S i  + Harvester  To ta l  = 2454.5 gm S iF  recovered 897.2 gm 
Harvester  Tare = 2218.3 Moles 4 i ~ ~  8.63 moles 
- 
Obs. S i l i c o n  Harvest 236.2 gm Gal c. S i  1 i c o n  Harvest 241 . 5  gm 
S i  Mass ~ a l a n c e  Ef f i c iency  = ' 236e2  ~ 1 0 0 %  = 83.4% 
S i  Fq Mass Balance 
T o t a l  SiF4 i n  = 1556.5 
T o t a l  SiF4 unreacted = 587.4 
T o t a l  SiF4 of f  polymer conversion = 897.2 
T o t a l  S i F 4 0 u t  ( 5 8 7 . 4 t 8 9 7 . 2 )  = 1484.6 
Overa l l  : 
9 I SiF4 mass balance e f f i c i e n c y  95.4% 
Over t h e  course of about 100 experimental  runs on the near-continuous 
reac to r ,  t y p i c a l  S i  t r anspor t  e f f i c i e n c i e s  o f  ~ 8 0 %  were observed. ,'The o t h e r  
20% forms a  m e t a l l i c  depos i t  downstream from the  s tep  1  r e a c t o r  i n  t he  
500-700'~ reg ion  and an orange powdery scale which accumulates i n  t he  ba f f l e  
region. The percentages o f  s i l i c o n  deposited i n  these regions appears t o  
be dependent upon the p a r t i a l  pressure o f  SiF2, residence t i n e  o f  SiFE i n  
the  region,  sur face area and sur face temperature. A t  200 '~  o r  above, 
m a t e r i a l  l o s t  i n  t h i s  reg ion  i s  minimized. For example, i n  e a r l i e r  expe r i -  
ments t h e  sur face temperature i n  t he  b a f f l e  reg ion  was a l lowed t o  s t a y  a t  
,ambient and up t o  50% of t h e  ( s i F p I x  polymer and S i  F  Homologues deposi ted 
X Y  t 
i n  t h i s  region.  This  reduced s i l i c o n  t ranspor t  r a t e s  and e f f i c i e n c i e s .  
Under heated b a f f l e  cond i t ions ,  SiFO mass balances, u n l i k e  S i  balances, 
a r e  q u i t e  high. Typ ica l  values range from '95-98%. A smal l  amount of SiF4 
i s  l o s t  b y  i nco rpo ra t i on  i n t o  the  orange powdery scale.  I n  add i t i on ,  a 
smal l  amount may be l o s t  by n o t  condensing i n  t h e  l i q u i d  N2 t raps .  
v )  S i l i c o n  P u r i t y  
P o l y c r y s t a l l  i n e  s i l i c o n  i ngo ts  were p u l l e d  from the  remaining re -  
'' a c t o r  charge and from t h e  t ranspor ted  s i l i c o n  charge. R e s i s t i v i t i e s  were 
measured' on bo th  ma te r ia l s .  The fo l l ow ing  i s  a  summary o f  the  r e s u l t s .  
I ,  
92 
Sg S i l i c o n  Charge S i l i c o n  Harvested 
( IINII type)  
R e s i s t i v i t y  of S i  charge before = 65Bcm R e s i s t i v i t y  5-7 Rcrn ("PI') 
R e s i s t i v i t y  of S i  charge a f t e r  = 5-7 " 
These r e s u l t s  suggest t h a t  some 'IN" dopant i s  coming from t h e  i n l e t  SiFd 
or s tage 1 r e a c t o r  and the  "P" dopant i s  in t roduced downstream i n  the  N.'c. 
apparatus o r  i n  the hand l ing  o f  harvested product.  
1 
2.3.3.2 S i l i c o n  Si~mple Product ion from Mg S i l i con :  
The purpose o f  these runs was t o  produce s i l i c o n  samples fo r  demon- 
s t r a t i o n  of p u r i f i c a t i o n  and f e a s i b i l i t y  o f  the  process. I n  Table 2.3-3 
a r e  shown opera t ion  parameters fo r  a se r ies  o f  5 consecut ive runs. 
The f o l l o w i n g  mass balances were observed. 
(i) S i l i c o n  Mass Balances (NC 85-89) 
S i l i c o r i  I n  
Step 1 Reactor (observed) Step 1 Reactor (ca lcu la ted)  
mg S i  charge -380.0 gm 
F i n a l  W t  . 150.5 gm To ta l  S1 reacted 200.9 gm i n  4 h r s  
Weight L o s t  229.5 gin 
S i l i c o n  Out 
Observed Cat cu la ted  
F i r s t  harves t  82 gm = 178.5 gm 
Second harves t  8 4 2  
T o t a l  S i  o u t  166 gm (56.5 gm powder + 109.5 gm CVD) 
Ove ra l l  S i  Transport  E f f i c i e n c y  
.Observed Ca lcu la ted  
S i l i c o n  o u t  
- 166 ~ 1 0 0 % = ~ 2 . 3 %  S i l i c o n o u t  
~ i 1 i c o " n r e a c t e d  229.5 --- x 100% = 88.9 S i l i c o n  reac ted  200.9 
IF-\. 
'. $! 
P@% 
t :  
F. 
Table 2.3-3. Operational parameters* bb;erved during runs NC 85-89 
RUN RUM s i  F~ STEP 1 (a )  SILICON(^) s i ~ ~  (a )  (a 
RUN NO. DATE LENGTH DELIVERED 
SILICON(L) 
EFFICIENCY 
(MIN! 
'I PURIFIED RECOVERY 
(GM 1 
TRANSPORT RATE 
( % I  (GM1 ( X )  (GM/HR) 
S i  F Recycle 
X Y  0.5 
-. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
S i l i c o n  Harvested: 82 gm 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Si l i con  Harvested: 84 gm TOTAL SILICON HARVESTED 1.66 gm 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - r - r - - - - J - - - - r ,  
(a )  Measured value 
(b)  Calculated value 
( i i )  SiF4 Mass Balance (NC 81-84) 
SiF4 it-I S i  F4 unreacted 
1279 gm SiF4 533.4 gm 
i: 
SiF4 from conversion SiF4 t o t a l  
I SiF4 Mass Balance = 1 m -  198.5 x 100% = 98.7% 
The t o t a l  q u a n t i t y  of s i l i c o n  harvested was 166 gm; 56.5 gm powder 
and 109.5 gm C.V.D. SSMS ana lys i s  (sample # NC87 & 79, Table 2.3-3) and 
e l e c t r i c a l  eva lua t ions  were conducted on s i  l icon  obta ined from the  powder 
a f t e r  c r y s t a l  growth. R e s i s t i v i t i e s  va r ied  between the two batches of 
s i l i c o n  and between t h e  seed and tang end o f  the  i ngo t .  Typ ica l  seed end 
measurenients v a r i e d  between 0.1 and 25 ohm-cm, w i t h  tang end a t  0.3 t o  
0.6 ohm cm, n-type. 
-cT The 1408 ym s i l i c o n  (sg p o l y )  bed c o n t a i n i n g  the  109.5 gm C.V.D. 
t 
sc .r s i l i c o n  was a i s o  used f o r  c r y s t a l  growth. Wafers c u t  from the seed and 
tang had r e s i s t i v i t i e s  of 8.6 ohm cm ("P" t ype)  and 7.0 ("Nu type)  r e -  
spec t i ve l y .  The remainder 'o f  t h e  i n g o t  and s f l i c o n  wafers were sent t o  
JPL f o r  f u l f i l l m e n t  s f  the  s i l i c o n  sample requirement. 
I n  Table 2.3-4 a r e  l i s t e d  the  parameters o f  the  f i r s t  40 runs on 
the near-con t inuous apparatus. The t r a n s p o r t  r a t e s  have increased from 
. G to ~ 5 0  gm/hr, w i t h  75 gm/hr as a maximum r a t e  observed. Two hour runs 
have been conducted; however, under the  overloaded cond i t ions ,  t he  low tem- 
pera ture  c o i l  may f a i l .  Overa l l  s i l i c o n  mass balances a re  %80% whereas 
SiF4 mass balances a re  ~95 -97%.  
2.3.3.3 S i  F Recycle Experiments 
"Y 
One o f  t h e  e a r l y  chemical process problems concerned the maximum 
e f f i ce iency  o f  convers ion o f  t he  (SiF*), polymer o r  S i  F homologues i n t o  X Y  
s i l i c o n .  S p e c i f i c a l l y ,  "was a the rma l l y  s t a b l e  s i  l i c o n  con ta in ing  compound 
$L2?*. formed f rom t h e  (SiFp), polymer which would n o t  conver t  i n t o  s i l i c o n  thus 
a, 
r. i 
r I Table 2.3-4 Summary o f  data from the f i r s t  40 runs on 1 , Wrn;l?U& la the near-continuous apparatus. 
' C  ,,,--* 0 4  lfi! gy 
Run SIF4 SfF Step 1(a) S1Fl from Sflfcon (b) Ttf4nsport S1Fq (c) c; RIRV Run T i m  Dcl ivercd ~nreacfcd Converrlon Converrton Purt f led Rote Recovery No: Date (Mln) 
-
(F) (gm) 0)  (sm) (c~m) ( ~ / h r )  (I) 
, , 
kc-1 9/9/77 60 31.7 10.4 67.2 6.9 1.86 . 1.86 54.3 
1 NC-2 60 31.7 3.9 87.7 20.3 5.6 5.6 74.8 
1 NC-3 10/6 60 129.6 26.4 79.6 41.6 11.2 11.2 52.5 
WC-4 15 32.4 5.9 81.8 3.7 1 - 0  4.0 29,6 
kc-5 15 32.4 20.5 36.7 9.8 2.6 10.6 ' 93.5 
- - - - , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
M - 6  -- Sf  F recycle (from NC-3-5) 20.7 5.6 -- 
x Y ,615.2 (overall) 
-----.---------------------------------------------------------- 
NC-7 7 15 32.4 8.0 75.3 9.0 2.4 9.6 52.4 
WC-8 60 129.6 38.8 69.4 59.5 16.0 16.0 75.8 
............................................................... 
NC-9 -- St F recycle (from NC-7 L 8 )  35.1 9.45 - 
x Y 92.8 (overall) . - 
-----.---------------------------------------------------------- 
+' i(C-10 l!) 30 96.0 35.1 63.4 4d.l 12.95 25.9 87.2 I / NC-11 2CI 30 96.0 35.9 62.6 37.8 10.18 20.4 76.8 
NC-12 ' 25 80.0 29.6 63.0 12.0 3.23 6.5 52.0 
- NC-13 21 30 96.0 45.9 52.2 43.3 11.66 23.3 92.9 
0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - , - - - . - - - - - - - - - - - - - - - - - - - - - - - -  
WC-14 ' -- St F recycle (from NC-13-13) 53.6 14.43 -- 
x Y 92.8 (overall) a 
............................................................... 
NC-15 11/28 30 100 33.2 66.8 16.9 4.6 9.2 50.1 . 
NC-16 " 30 100 29.0 71 .O 16.7 4.5 9.0 45.7 
NC-17 60 200 58.6 70.7 45.5 12.3 12.3 52.1 
NC-18 ' 60 200 53.3 70.9 89.8 24.2 24.2 71 -6 c:i ' i:; ig 60 200 67.7 66.1 c4.5 - .- 17.4 17.4 66.1 12 400 130.9 67.1 157.2 42.3: 21.2 72;0 
NC-21 30 120 400 191z.4 52.2 95.6 25.7 12.7 71.8 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - -  
NC-22 12/1 -- SixFy recycle (from NC-16-21) - 172.8 46.6 -- 76.8 .[overall) 
--------.------------------------------------------------------- 
1. NC-23 1/23/78 30 101 SO. 3 50.2 27.0 7.3 14.3 76.5 
NC-24 25 60 202 86.0 57.4 81.8 22.0 22.0 83.0 
NC-25 26 60 202 71.2 64.8 126.2 34.0 34.0 97.7 
WC-26 28 60 202 95.1 52.9 109.5 29.5 29.5 101 
--------------------------------------------------------------- 
NC-27 28 -- St F recycle (from NC-23-26) 47.2 12.7 -- 98.2 (overall) 
x Y 
' NC-28 3/30 30 133 94.3 - 29.1 . 12.7 3.4 13.6 80.5 
IC-29 " 15 110 50.8 53.8 (COIL CRACKED UPON UARnIN6) 
--------------------------------------------------------------- 
- NC-30 4/6 15 70.5 46.2 34.5 10.2 2.0 11.2 80.0 
NC-31 7 15 41 .O 13.0 68.2 24.7 6.7 13.3 92.0 
NC-32 10 , 120 607 158.8 73.8 419.5 112.9 56.5 95.3 (c) 
- NC-33 11 120 562 (COIL CRACKED UPON WARNING) 
............................................................... 
NC-34 5/10 15 50.0 21.3 . 57.4 
NC-35 ' 15 72.5 33.6 53.7 96.7 26.0 34.7 91.1 
NC-36 11 I S  79.5 37.4 52.9 
IC-37 12 120 661 268.6 59.4 379.8 102.3 51.1 98.1 
a #c-38ff) 15 120 639.5 243.3 62.0 395.5 106.5 53.2 ~ 9 . 9 ( ~ '  
............................................................... 
~ ~ - 3 9 ( f )  24 120 61 1 212.7 65.2 362.2 97.5 48.8 94. o(') 
NC-40 25 120 632.5 (COIL CRACKED UPON UARMING) I 
,o 
(a) Bed parameters (mg St): Diameter 1"; Length 53.5 cm; Temperature 1330'~ In let ,  1350 (center). 1300 outlet; 
pcrtlcle size 5-20 mesh mg 51; Uelght 396 gm mg Sf + 4.0 gm Stop. 
(b) Calculated value. (c)  Measured value. 
(d) Includes 51 Fy recycle,* 
(e) Si,b rccycye w i l l  increase this value 3-62. 
( f )  ~ n l e i  pressure a t  start of run NC-38 was 155 torr. run NC-39 was 300 torr; in let  pressure at finish 
of run IIC-38 cyualcd '1.9 torr,  run C2 ?qualed 93 torr; downstream pressures of 0.50 and 0.55 torr were 
/ 
observed for runs NC-38 and 39 rcspcctivciy. 96 
< , .- - : = -  - a - -  - - z  -2 - T .  - - -  - - - = z .  < - - - - - 
, ~ I . * , "  
. .  4 
,..*A*. = - * - -  
reduc ing  t h e  o v e r a l l  t r a n s p o r t  e f f i c iency?"  The s o l u t i o n  t o  the  problem 
became apparent by r e c y c l i n g  t h e  S i  F  homologues (see Table 2.3-4). X Y  
Runs NC-6, 9, 14, 22 and 27 represent  S i  F  r e c y c l e  runs. Si,Fy x Y 
r e c y c l e  i s  accomplished by r e d i s t i l l i n g  the S i  F  homologues through t h e  
x Y 
s i l i c o n  ha rves t i ng  bed which i s  maintained a t  ~ 8 0 0 ~ ~ .  A f t e r  run  NC-27, 
S i  F r e c y c l e  was n o t  deemed necessary because o f  t he  h igh  observed polymer 
x Y 
convers ion e f f i c i e n c i e s  (>95% - on the  f i r s t  pass) d u r i n g  t h e  u n i t i z e d  
polymer conversion t o  decomposit ion of  the  h igher  homologues i n t o  SiF4 and 
s i l i c o n  before  reaching the  harves tor  bed. Furthermore, as the  bzd f i l l s  
w i t h  s i l i c o n  ( l ess  f r e e  v o i d  space through the  bed) the  S i  F  p a r t i a l  pres- X Y  
sure increases above !!I torr which leads t o  h igher  homologue convers ion ef- 
f i c i e n c i e s .  For  example, i n  runs NC-23 through 26, NC-30 through 33 and NC-34 
through 38 t h e  increas ing  conversion e f f i c i e n c y  t r e n d  i s  r e a d i l y  apparent. 
A f t e r  runs NC-26, 29, 33, 38, and 40, t he  s i l i c o n  w;s harvested and the  bed 
replaced. 
2.3.3.4 Heat Transfer Coef f i c ien t  (U)  and AH Heat of  Polymer izat ion o f  (SiFp)x 
Seven c a l o r i m e t r y  experiments were conducted on the  N-C apparatus 
and t h e  c a l c u l a t e d  values fo r  U, t he  heat  t r a n s f e r  c a e f f i c i e n t ,  and AH, t he  
heat  of po lymer iza t ion  o f  (SiF2)x a re  found i n  Table 2.3-5. Values ranging 
from -12 t o  -24.8 kcal/mole were observed f o r  the A H  po lymer iza t ion  o f  (S iF2Ix .  , 
These values a r e  below the  value o f  -37.3 kcal/mole used i n  the  energy balance , 
f o r  sca le  up purposes. 
The va1 ues c a l c u l a t e d  f o r  U (see Table 2;3-5) range between 3  and 
8 ~ t u / h r - f t ' - ' ~ .  i 
I t  should be noted t h a t  t he  e f f e c t  o f  n i t rogen  coo lan t  f l o w  i n d i c a t e s  I 
t h a t  i t  i s  1  i m i  t i n g  t h e  heat t . ransfer ra te .  Thus, we would expect h ighe r  I 
U i n  t h e  m i n i - p l a n t  where the  1 i q u i d  freun coo lan t  w i l l  have a much h i g h e r  
heat  t r a n s f e r  c o e f f i c i e n t  than the  gaseous N2 coolant .  
i? 
1 
i? 
I_\ 
Table 2.3-5. Heat t ransfer  c o e f f i c i e n t  and heat  of 
polymerizat ion df (SiF2)x 
0 
Overa l l  Heat Heat o f  
Run N Coolant Transfer  C o e f j i g i e n t  P o l ~ m e r i z a t i o n  
No. ~ ? o w R a t s  U , B t u / h r - f t - F  -AH , kcal/mole S i  F2 
- q- 
i - 
63 1.37 -3.4 . 12.0 
,/ 
64 1.37 3.4 11.5 
* 
Not corrected  f3r sensible  h e a t  of SiF4 and SiF2 
2.4 - Product Analys is  
2.4.1 I n t r o d u c t i o n  
I n  t h e  e a r l y  stages of t h i s  p r o j e c t ,  a concentrated attempt was 
made t o  determine if chemical methods cou ld  be used t o  charac ter ize  the  
s i l i c o n  product  o the r  than by growing c r y s t a l s .  The r e s u l t s  of t h a t  e f f o r t  
were used as a guide t o  i n t e r p r e t a t i o n  of the subsequent a n a l y t i c a l  r e s u l t s .  
I n  t h i s  sec t i on  the  concept o f  semiconductor s i l i c o n  w i l l  he d i s -  
cussed along w i t h  work done t o  e s t a b l i s h  chemical techniques and c r i t e r i a .  
Comparison of chemical techniques w i t h  c r y s t a l  growth as eva lua t i on  t o o l s  , 
and t h e  chrono log ica l  e v o l u t i o n  o f  SiF2 t ranspor ted  product  p u r i t y  a r e  pre-  
sen ted. 
2.4.2 Working Def i n l  t i o n  of Semiconductor Grade S i l i c o n  
A n u m b ~ r o f a s p e c t s  must be considered when defi i- i ing semiconductor 
grade (sg) s i l i c o n .  The most important  would seem t o  be, what the p r o p e r t i e s  
o f  t h e  s i l i c o n  a r e  when you p u l l  a c r y s t a l  and make a device. Crys ta l  p u l l i n g  
can a l s o  be a major aspect i n  t h e  t o t a l  sg s i l i c o n  p u r i f i c a t i o n  process. In  
t h i s  s tep,  i m p u r i t i e s  which have smal l  d i s t r i b u t i o n  c o e f f i c i e i n t s  (<lo'*) are 
e f f e c t i v e l y  e l  i m i i ~ t e d  from the  so1 i d  s i l i c o n .  Conversely, sg s i l i c o n  which 
has n o t  been p u r i f i e d  by c r y s t a l  p u l l i n g  o r  f l o a t  zone r e f i n i n g  o f t e n  conta ins  
r e l a t i v e l y  h igh  concentrat ions of  m a t e r i a l s  w i t h  smal l  d i s t r i b u t i o n  c o e f f i c i e n t s .  
I n i t i a l l y  we adopted the  fo l l ow ing  as a working d e f i n i t i o n .  Using 
spark source mass spectroscopy (ssms) as the a n a l y t i c a l  too l ,  sampling m a t r i x  
was employed t o  compare the  SiF4 t r a n s p o r t  p ~ l y ~ d i r e c t l y  w i t h  samples of com- 
m e r c i a l l y  a v a i l a b l e  sg poly .  This  would a l l o w  the  development of  t h e  process 
i n  t h e  most e f f i c i e n t  manner and permi t  t he  most r a p i d  eva lua t ion .  
2 '4 .3  Spark Source Mass Spectroscopy ,-- (SSMS) 
I n  o rde r  t o  employ ssrns as a v a l i d  eva lua t i on  technique, a data base 
was t o  be es tab l  ished by ana lyz ing  several  samples o f  commercial 1.y a v a i l a b l e  
semiconductor grade polycrystall ine si 1 icon by ssms. Data obtained for 
t 
>. 
SiFq transport silicon were t o  be compared t o  this baseline da ta  for 
evaluation. 
A major problem occurred with this plan. Data obtained from analyses 
* 
by an outside service lab indicated much larger concentrations of impurities 
t h a n  found by electrical o r  other analytical methods on commercial polys5licon. 
This led t o  suspension of further product analysis until adequate comparative 
standards were ohtained t o  establ ish the limitations of the ssms technique in 
a service lab. environment. To this end a sample exchange was begun with 
other investigators in Task I who were using ssms as a primary analytical tool 
This allowed cross checking and led t o  working standards which helped resolve 
the reliabilityproblems. - 
Before these results are discussed,a description of the ssms analytical 
technique for powder samples i s  necessary. In the following sections the form 
of the samples for ssms js: 
..%, 
i) Most of each SiF2 transport Si sample was in the form of 
*;-. 
small grain powder (1 t o  5 micron). 
i i )  All sg poly samples are large single pieces of Si ~i~ade up 
of small single crystals. 
I 
i i i )  Crystal samples were used as single pieces. 
- . . .  . . .  . 
2.4.3.1 SSMS Techniques for Analysis of Powder Samples 
The procedure for hand1 ing and analyzing powder samples of Si was 
developed a t  Accu-Lab. Research, Inc. I t  i s  as follows: 
i )  The sample i s  ground in a high purity quartz vial until i t  
i s  a fine powder. Subsequently both  BN and Sic mortar and pestle 
sets were used t o  grind material. BN was the most satisfactory 
for all  elements except boron. 
&rP=% 
8 
.* 'r' 
* 
Accu-Lab. Research Inc., Wheat Ridge, CO 
TABLE 2.4-1 
1 ./ 
COMPARISON OF SSMS DATA FOR ANALYSIS OF DOW CORNING 
COMMERCIAL SG POLY SILCON FROM DI  FFERENT LABS. (ppm w t .  ) 
Serv ice Leb 
15 
-
16 
-
B N.D. 4E-3 
Monsan t o  
--
N.D. l . lE-3 ' N.D. 9.6E-4 
5.3E-1 1.5E-1 
6.OE-1 2.OE-1 
3.8E-2 6.5E-3 
N R ND 2 . 4 ~ - 3  n 
NR " 2.3E-2 
N R " 2.3E-2 
NR " 1.2E-2 
1.3E-1 4.OE-2 
3.6E-1 4.OE-3 
off scale\"; '1 EST 1.4E-2 
3.6 1.5E-2 
NR ND 4.1E-3 
1 L NR 2.5E-2 
NR ND 7.4E-3 
NR , " 1.OE-1 
NR " 1.4E-1 
NR " 1.7E-2 
ND 7.2E-3 " 5.5E-3 
NR " 4.4E-3 
ND 1.4E-2 " 1.2E-2 
ND 6.OE-2 " 5.7E-2 
ND 5.2E-2 " 4.2E-2 
ND 2.8E-2 
3.1 E-2 
3.OE-2 
6.6E-2 
Pb 11 7.6E-2 
B i at 4.OE-2 
N.D. = not detected--numberical va lue i s  the  de tec t ion  l i m i t  
i N. R. = n o t  reported 101 
\: ) 
ii) 
iii) 
The powder i s  s l u r r i e d  w i t h  an equal weight of h i g h  p u r i t y  
g r a p h i t e  i n  d i s t i l l e d  acetone u n t i  1 tkjoroughly mixed. The 
il 
g r a p h i t e  r a t i o  was determined t o  give1,'good r e s u l t s  i n  t h e  
press ing  operat ion.  
The d r i e d  m ix tu re  i s  pressed i n t o  the  shape o f  t h e  e lec t rode  
i n  a h i g h  p u r i t y  polyethy lene form. Under pressure the  form 
1 i q u i f  ies. ~ h u s  a uniform h y d r o s t a t i c  pressure performs the  
compaction operat ion. Very small samples ($10 mg) a re  mounted ,) 
so t h a t  t h e  sample i s  i n  t he  t i p  o f  t he  e lect rode.  
' i v )  The e lec t rodes a re  mounted i n  the srms and s tand r rd  ana lys i s  i s  I-., conducted. \ 
, 9 
I 
2.4.3.2 SSMS Sample Exchange 
-.. 
, 4 sample of Dow Corning p o l y s i l i c o n  was sent t o  Monsanto f o r  ssnls 
ii ,' -",*. ' (sample #35) .  Th is  sample was p a r t  o f  t he  same p iece as samples 15 and 16 
14 analyzed by t h e  se rv i ce  lab .  Table 2.4-1 1 i s t s  t h e  element by element con- 
c e n t r a t i o n  data ob ta ined by t h e  two d i f f e r e n t  labs. Samples 15 and 16 were 
submit ted separa te ly  and n o t  j d e n t i f i e d  as the  same mater ia l .  Sample runs 
35a and 35b were run  on a si?rg';:e sample. I t  was dismounted and shaped between 
runs. I n  Table 2.4-2 a re  l i s t e d  t h e  r e s u l t s  f o r  two s i n g l e  c r y s t a l  samples 
from the Monsanto group. It i s  again apparent t h a t  f o r  some elements (i .e., 
Na, K, Ca and Mn i n  t h i s  case) t he  r e p r o d u c i b i l i t y  i s  no t  good. s ince  t h e  
h ighes t  readings appear t o  be associated w i t h  the  same sample (C-1-A) i t  may 
f -  p o i n t  t o  a problem i n  the  sample hand l ing  procedure. For  the  elementsmost common 
! i n  mg s i l i c o n  the  agreement i s  very  good (Fe, A1 , Mg, T i ,  C r  and N i ) .  
The data f rom samples 15 and 16 (Table 2.4-1) tend t o  i n d i c a t e  poor 
r e p r o d u c i b i l i t y .  However, a c l o s e r  examination o f  35a and 35b shows t h a t  o the r  
fac tors  may be very c r i t i c a l  i n  determin ing the  r e l i a b i l i ' t y  o f  t he  ana lys i s  fo r  
each i n d i v i d u a l  sample. F igure  2.4.1 i s  a schematic diagram o f  a cross s e c t i o n  
of a p o l y c r y s t a l l i n e  sample. The composit ion o f  the i n t e r i o r  o f  the  g r a i n  wi13 
lrrf* ir . 
X 
10 2 
TABLE 2.4-2 
Compari son of SSMS analyses from Serv ice Lab. 
and reported data f o r  Monsanto samples 
Sample C-10-B-1 %mple C-1 -A 
SERV I CE 
LAB. 
I 
<31 ppba N R ~  
16 180 ppba 
670, 540 
58 3 
6 3 7 est imated 
SERVICE 
LAB. 
- 
<31 ppba NR 
104 120 ppba 
12600 96 
NR 49 
59 24 
330 6 
ND 58 ND 2 
31 " 23 
ND 45 " 17 
ND 44 15 
8 11 
600 2 
450 9 est imated 
< I 2  ND 2 
ND 27 ,') ND 1 
4 ' 1  7 
820 ND 2 
55 ND 29 
4 4 0  ND 40 
<9 ND 4 
ND 30 ND 1 
ND 20 NB 1 
ND 18 ND 2 
ND 15 N R 
ND15 ND 6 
ND 13 ND 3 
ND 12 NR 
ND 12 N R - 
ND 11 N R 
ND 10 N R 
ND 8 N R 
ND 8 N R 
ND 7 N R 
./i 
? f 
.~'i 
I,' 
1 Not Reported 
2 Not Detected - Reported de tec t i on  l i m i t  
/ 
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segregated impu r i t i es  
Gra i n  
boundary- 
Figure 2.4.1 'Schematic cross sect ional  diagram o f  a  sample o f  
commercial po ly  s i l i c o n  SSMS sample showing the 
g ra in  boundary a n d  void s t ruc tu re  which inf luences 
ana l y t i ca l  resu l ts .  
ORlGlNAL PAGE 
OF POOR QUw 
Surface 
1 
Amorphous 
s i  1  icon 
p a r t i c l e  
Figure 2.4.2 Schematic cross sect ional  diagram of a  composite 
,+ <' (# '" SSMS sample (SiF2 po ly  and graphi te) .  The la rge  
Y .  
s i l i c o n  p a r t i c l e  surface t o  volume r a t i o  which 
inf luences ana ly t i ca l  r esu l t s  i s  i l l u s t r a t e d .  
,be character is t ic  of bulk material. The-relatively small surface area will 
have a minor effect .  A very real problem a r i se s  i n  ssms when the discharge 
Strikes a grain boundary or  void. In these regions the apparent concentration 
of impurities may be much higher than the bulk due to  surface absorption during 
manufacturing deposition and/or segregation effects .  The data i l l u s t r a t e s  
th i s  e f f ec t  very clear ly for  35a) and b) par t icular ly with respect t o  T i  and 
'/ 9 Ca. According to the Monsanto spectroscopist a void o r  inclusion was struck 
by the a rc  during the analysis. These high concentration readings are reportedly 
typical when t h i s  occurs when sg polycrystall ine material i s  analyzed. This 
may par t ia l ly  explain why when commercial sg poly i s  analyzed consistently high 
readings a re  obtalnedfor some impurities while these same elements appc.ar to  
be absent i n  single crystal  material reported elsewhere. I t  should be noted 
t h q t  analyti  ca1 data (e lec t r ica l  and chemical ) avai lab1 e f o r  commercial sg 
poly l o t s  i s  often gathered on samples which have been subjected t o  f l o a t  zone 
crystal srowth which el iminates grain boundarylvoid problems. 
The grain boundary/voi d probl em mus t be considered whenever materi a1 
other than single crystals  i s  being analyzed. In the case of compacted composite 
samples such as the SiF2 transported polylcarbon sarriles. This becomes a much 
more severe problem. Figure 2.4.2 i l l u s t r a t e s  that  the much larger  par t ic le  
surface area may influence the s sms~resu l t s  because of absorbed material and 
segregation effects .  Here the surface i s  not sput@~psd away as i n  the case of 
a ' s ing le  crystal  sample, b u t  as the sputtering of 'a composite electrode proceeds, 
new material i s  exposed to  the arc  which was in a surface s t a t e  a f t e r  the dccom- 
position process. I t  i s  apparent t h a t  an understanding of the influence of sur- 
face cleaning, pr ior  t o  compaction, on the resulting impurity analysis i s  neces- 
sary to  correctly interpret  the ssms data of compacted samples. 
One of the f i r s t  s teps to  the understanding of the effects  of surface 
contamination was t o  eliminate the possible sources of impurities during sample 
preparation, I t  has been necessary therefore, t o  improve the r e l i a b i l i t y  of 
the sample grinding procedure used i n  the fabrication of the composite graphite/ 
s i l icon sample electrodes. A t  f i r s t  the samples were ground in a ball mill .  
The sample was contained i n  a quartz vial  w i t h  quartz ba l l s  which were used to  
pulverize the s i l icon .  Occasionally the bal ls  would chip o r  break up  during 
I I 
Ik t h e  opera t ion .  Contamination of the  s i l i c o n  samples was a l s o  probable f o r  I those samples fo r  which no v i s u a l  breakdown o f  t h e  v i a l  and b a l l s  was noted. 
Trace i m p u r i t i e s  present  i n  quar tz  a re  a t  h igh  enough l e v e l s  t o  have p laced 
some u n c e r t a i n t y  i n  t he  ssms data. Th i s  problem was reduced by o b t a i n i n g  a  
boron ca rb ide  mor ta r  and p e s t l e  set. Boron carb ide  i s  a  p r e f e r r e d  m a t e r i a l  
f o r  t h i s  process. Because o f  i t s  hardness i t  w i l l  n o t  contaminate s i l i c o n  
samples du r ing  g r i n d i n g  except poss ib l y  w i t h  boron. 
Sample c lean ing  procedures were a l so  evaluated t o  he1 p  reduce t h o  
sur face contaminat ion problem. Some i m p u r i t i e s  such as f l uo r i ne ,  a1 ka l  i and 
e a r t h  meta ls  can be removed f rom the surfaces o f  powder o r  f laked ma te r ia l  a t  
l e a s t  p a r t i a l l y  by r i n s i n g  i n  D.I. water.  Other i m p u r i t i e s  such as heavy metals  
can be removed by  etches. Therefore some SiF4 p o l y  from a  t e s t  run  was d i v i d e d  
i n t o  several  l o t s  and subjected t o  var ious  c lean ing  procedures. Some p r e l i m i n a r y  
r e s u l t s  have been gathered' by emission spec analysis.. Table 2.4-3 l i s t s  t h e  
ES r e s u l t s .  More ,complete data from ssms showed t h e  same r e s u l t s .  
Table 2.4-3 ES ana lys i s  data fo r  samples prepared by SiFp 
t ranspor t  which have been cleaned by var ious  
techniques (ppm nt. ) , 
F 
SMIPLE CLEAN I NG PROCEDURE A 1 Mn M9 Cu 
As prepared 
47 II 11 II D.I. H20 r i n s e  I t  
. .-- 
48 HF:HNQ3 e tch  
,) D.I. H20 r i n s e  I1 II II t I  
49 H2S04:H O2 e tch  
D.I. ~~6 r i n s e  In I1 : I1 7 52 
. I n  Table 2.4-4 a re  summarized the  apparent r e l i a b i l i t y  1 i m i t s  f o r  
a11 o f  t h e  samples which were exchanged. Again, f o r  t h e  mn;.t common mg S i  
contaminants, t h e  r e l i a b i l i t y  l r i m i t s  a re  i n  good agreement. For  others such 
as Ca, Na, Mn, K, etc. t he re  i s  very poor agreement. For those samples where 
O 
agreement i n  r e l i a b i l i t y  l i m i t s  i s  good, such as Fe and Zn, the  r e l i a b i l i t y  
l i m i t  i s  c lea r ,  $50 and $40 ppba respec t i ve l y .  Where agreement i s  poor such 
as f o r  Mn, r e l i a b i l i t y  i s  quest ionable and each ana lys is  must be evaluated 
independently i n  context .  
3 
It should be noted t h a t  t h i s  i s  a technique which analyzes a small p o r t i o n  
o f  t he  sample; there fore ,  non homogeneity i n  t h e  d i s t r i b u t i o n  o f  t h e  impur i t y  
i n  t h e  sample can lead t o  mis leading concent ra t ion  values. This was c l e a r l y  
i l l u s t r a t e d  by a p rev ious l y  repor ted  sample and should be considered whenever 
anomolous data i s  generated. 
. . a  . .  . ,  . . ... 
2.4.3.3 Powder Sample Cor rec t ion  Factors 
. Since the re  i s  a d i s t i n c t  d i f fe rence i n  ssms sample prepara t ign  between 
powder and s i n g l e  c r y s t a l  samples, an experiment was run t o  f u r t h e r  e s t a b l i s h  
t h e  re1 i a b i l i t y  and accuracy of t h e  ssms analyses which have been run on the  
SiF4 t r a n s p o r t  product.  The experiment was s imply t h i s :  a sample of n-type 
s i n g l e  c r y s t a l  s i l i c a n ,  which was analyzed on an in-house p r o j e c t ,  and was 
found t o  con ta in  <.005 ppm w t .  o f  boron, was resubmitted f o r  ana lys is  by the  
same technique as the  powder samples. The sample was ground i n  a boron carb ide  
and a s i l i c o n  carb ide  mortar  and pes t le ,  s l u r r i e d  w i t h  d i s t i l l e d  acetone and 
d graphi te,  then compressed i n t o  e lectrodes.  The r e s u l t  o f  t h i s  handl ing i s  \, shown i n  Table 2.4-5. i ,!' 1 
r, 'f 
The f i r s t  column i s  the  r e s u l t  f o r  t h e  s i n g l e  c r y s t a l  sample p r i o r  t o  
!I g r ind ing.  The second column 1 i s t s  the r e s u l t s  f o r  t he  same mate r ia l  a f t e r  
- hand l ing  i n  boron carbide, w h i l e  the  t h i r d  l i s t s  the r e s u l t s  a f t e r  g r i n d i n g  i n  
s i l i c o n  carbide. Subt rac t ing  column 2 from column 1 gives a c o r r e c t i o n  fac to r  
(A)  wtlich can be used t o  g i ve  a more r e a l i s t i c  measure of the  p u r i t y  o f  t he  
powder product  which has been prepared i n  BC apparatus. S i m i l a r l y ,  a b f o r  
S i c  was ca lcu la ted.  These fac tors  a re  q u i t e  h i g h  fo r  several of t h e  elements 
i 
I -  
Table 2.4-4 Apparent detection l i m i t s  f o r  service l a b  ssms analysis 
f o r  various samples which were run as single pieces. 
/I 
I , Element  
R 
Dow Corning 
- 
Commercial  Poly 
10.5 ppba 
Dow Corning 
Single c r y s t a l  
'L 50 ppba 
Monsanto Single Crystal 
C-10-B-1 C - 1 - A  
 (1) ( 2  
700 ppba 16 600 ppba 
60 60 
150 350 
nd 58 nd 58 
(1) 35 
nd 45 nd 45 
nd 44 nd 44 
10 10 
60 6 00 
65 500 
< I 2  <12 
nd 27 nd 27 
< 11 <11 
5 1 820 
30 60 
< I70  < 140 
10 10 
nd 30 nd 30 
nd 20 nd 20 
nd 18 nd 18 
nd 15 nd 15 
nd 15 nd 15 
nd 13 tid 13 
nd 12 nd 12 
nd 12 nd 12 
nd 11 nd 11 
nd 10 nd I 0  
nd 8 nd 8 
nd 8 nd 8 
nd 7 nd 7 
l i  A1 and B doped 
2 )  B doped 
ND = not detected by either lab: highest reliability l imit listed. 
Table 2.4-5 SSMS resul ts  f o r  semiconductor grade single 
c rys ta l  sample prepared by various methods. (' 
Growth specimens s lur r ied  wi th  graphite and 
compacted i n t o  electrodes. (ppm wt)  
Single Ground 
*BC 
Ground 
*sic 
(Column 2 - 
i n  BC 
(Column 3 - 
Crystal i n  S I C  Lhy--- Column 1 ) Column 1 ) 
I 
I o f  primary concern such as B, P ,  Fe and Al. I t  i s  recognized that  since 
F these, A values a re  the resu l t s  of only one experintent they a r e  not t o  be \ taken as anything but indications of contamination d u r i n g  sample preparation. 
Table 2.4-6 l i s t s  th8 resu l t s  obtained fo r  a sample a f t e r  the cor- 
rection factor has been used t o  compensate for handling contamination. Column 
1 is t h e  A factor.  The second column i s  the resu l t  fo r  77-215-38-8 a f t e r  
standard processing and the t h i r d  for  the same samp?e a f t e r  correction. 
Some observations can be made: 
i )  BC mortar and pest le  s e t s  contaminate less  than Sic  sets .  
i i The SiF2 transport product analyses reported t o  date may in 
fac t  indicate contamination which i s  not real ,  but an a r t i f a c t  
I I '  of the ssms analyti  cat procedure, the real impurity concentration being much lower than reported. 
i i i )  SSMS analysis of powder samples may not be a t  a l l  re l iab le  in 
determining powder purity and i t s  usefulness as i n p u t  material 
for  crystal  growth. The only apparently valid t e s t  i s  actual 
. .  ' -
crystal  growth roupled with subsequent sol id s t a t e  materiai 
evaluation. 
- 
2.4.4 Emission Spectroscopy 
In-house emission spectroscopy (ES) analysis fac i l  i t i e s  have been 
extensi vely u t i l  ized in th i s  project as a semi quanti t a t ive  tool for  evaluation. 
The detection l imits  are much higher than fo r  ssms, but are adequate for  coarse 
evaluation for  many impority elements. Phosphorus i s  one element, however, 
fo r  which ES i s  not useful. 
2.4.5 Comparison of ES and SSMS Analyses 
To verify tha t  ES i s  an adequate screening process, a comparison of 
resu l t s  from ES and ssms a re  l i s t ed  in Table 2.4-7. Only f ive  elemental im- 
%b. pur i t ies  were detected by ES; they are  Mg, A1 , Ca, llln and Cu. No Fe was de- 
' t -r*s 
h& *o," tected. Metals such as Fe, A1 and Mn a re  compared to  1,  10, 100, 1000 ppm w t .  
TABLE 204-6  
SSMS results for single crystal 
and slurried samples. (ppm w t )  
.77-215-38-8 77-21 5-38-8 
A as received Corrected ' 
TABLE 2.4-7 
Comparison o f  ES and SSMS data f o r  SiF 
t ranspor t  poly. Run 2-11-77 t r a p  2, co4- 
cent ra t ions i n  ppm w t .  
ELEMENT 
-
B 
F 
Na 
Mg 
A 1 
P 
SAMPLE 79 (ES) SAMPLE 85 (SSMS) 
NR* 4.3*** 
ALL OTHER ELEMENTS ~ 0 . 2  ppm w t .  
* yb 
Not Reported 
** 
Not Detected - usua l l y  de tec t ion  l i m i t  ppm w t .  
*** 
Sample Ground i n  BN mortor and pesta l  
r". ,) 
* .r 
standards, Often metals a re  detected, b u t  have character is t ic  emissions 
less  intense than the 1 ppm w t .  standard. Thus, for Fe t o  be undetected, 
i t s  concentration i n  the sample must be <<I ppm w t .  This is t rue  fo r  many 
other metals except for  the alkal i  metals which have higher detection l imits .  
The ssms analysis agrees qui te  well with ES reports. In most cases 
metals undetected in ES show up i n  low concentrations by ssms. Calcium i s  
s l igh t ly  higher i n  ssms and ES. The presence of iron a t  5.7 ppm by w t .  as 
\$ 
V;v, reported by ssms i s  surprising and may imply ~e contamination of the sample 
r 
J during grinding or  compounding when the electrode i s  prepared. 
\ 
2.4.6 mg Si 1 icon Bed Depletion and Impurity Distribution. 
Of c r i t i c a l  importance in th6s typeof study i s  the characterization of 
the separation of the impurities and the locations i n  the system where they 
are concentrated. F i rs t  are  described the analyses fo r  a depleted mg Si bed 
used i n  an ear ly near-continuous experiment. Data from an e a r l i e r  batch r u n  
l i;. 
i . where deposits i n  various parts of the system were taken as samples i s  discussed 
r , ,  
_ _ - - - /  
i n  'terms of impurity distribution. jt 
I 
I 
I 
2.4.6.1 mg Si Charge Depletion 
A s e t  of samples from a pa r t i a l ly  depleted reactor bed of mg S i  was 
analysed by ES, Table 2.4-8. This bed was used for  near-continuous run 83. 
The f i r s t  colunn (77-215-37-16) 1 i s t s  the resul ts  for  a yellow deposit found 
on the i n l e t  s ide of the bed outside the hot zone. The second column i s  for the 
in l e t  s ide  of the bed. The third i s  from a position near the ou t l e t  of the 
bed. A deposit was formed downstream from the bed i n  a cooler region of the tube. 
The resu l t s  for  i t  a re  in the l a s t  column. 
The deposit in the i n l e t  s ide,  column 1,  may have been formed during the 
i n i t i a l  heat up  of the system prior to  the introduction o f  the SiF flow. I t  4 
contained high concentrations of several metals which may have volati  1 ized. 
Sample 18 shows the previously established ef fec t  that  long exposure to  flowing 
S F 4  has on mg S i .  Fe ,  Mn, Cr, V and Ti concentrations increase indicating 
t h a t  as s i i icon  is removed via SiFp these elements remain. Downstream (sample 20) 
Y P 
TABLE 2-4-8 
ES Results for Samples Taken from a 
P a r t i a l l y  Depleted mg Si l icon Bed (ppm w t . )  
Series 77-21 5-37 
1 
. L- 
Impurity 16 - - 18 - 20 - 26 
t h i s  e f f e c t  i s  l e s s  pronounced i n d i c a t i n g  lEss  s i l i c o n  removal i n  t h i s  
p o r t i o n  of t he  r e a c t o r  bed. 
The l a s t  sample r e s u l t  shows t h a t  c e r t a i n  elements (Ca and A l )  appear 
t o  f a rm f l u o r i d e s  which condense i n  regions o f  the  appropr ia te  temperature 
range. Most o f  t he  clther i m p u r i t i e s  a r e  n o t  in t roduced i n t o  t h e  gas st?eam 
or pass i n t o  o t h e r  regions o f  t h e  reac to r ,  
Th is  subs tant ia tes  e a r l i e r  observat ions t h a t  the mg S i  bed i s  depleted 
o f  s i l i c o n  and metal1 i c  i m p u r i t i e s  a r e  l e f t  behind and increase i n  concent ra t ion  
p a r t i c u l a r l y  on t h e  upstream end. ii 
2.4.6.2 I m p u r i t y  D i s t r i b u t i o n  Studies 
U n t i l  the SiF4 r e c y c l i n g  work i s  completed, i t  i s  n o t  poss ib le  t o  do a  
complete i m p u r i t y  mass balance gn the SiFp polymer 'bystem. However, an i m p ~ r i t y  
d i s t r i b u t i o n  study based o n l y  on the  so l  i d  depos i ts  from var ious  p a r t s  o f  t he  
system can be use fu l  and i n s t r u c t i v e .  F igure  2.4.3 shows the  r e s u l t s  c f  a pre-  > I  
4 
-& 
TliminarS;' s tudy based on t h e  emission spectroscopic ana lys is  o f  samples taken 
,_ 
from t h e  system. The i n p u t  m a t e r i a l  i s  t y p i c a l  mg s i l i c o n  (column 1) .  The nex t  
t h r e e  samples were taken from the  charge a f t e r  a  long se r ies  of runs1'. They 
were taken from l o c a t i o n s  i n  t he  charge as shown schemat ica l l y  i n  t h e  f igure .  
The next  two samples a re  depos i ts  formed i n  t h e  furnace tube downstream from 
t h e  h o t  zone. The b a f f l e  y i e l d e d  the  nex t  sample. Samples number 69 and 68 ar?  
shown as t h e  converted product  formed f rom Traps 1  and 2 respec t i ve l y .  
From t h i s  data i t  can be seen where var ious  i m p u r i t i e s  i n  t h e  i n p u t  charge 
m a t e r i a l  deposit .  The th ree  samples taken from t h e  depleted charge i t s e l f  show 
c l e a r l y  t h a t  Fe, Cr, Mn, T i ,  V and N i  a r e  n o t  t ranspor ted  t o  a  l a r g e  degree i n  
t h e  SiF4 gas stream. As t h e  i n p u t  gas stream inipinges on the  charge, S i  r eac ts  
and i s  c a r r i e d  away l eav ing  t h e  i m p u r i t i e s  t o  b u i l d  up i n  concentrat ion.  The 
data  f rom the  second and t h i r d  sample show l i t t l e  i m p u r i t y  b u i l d  up apparent ly  
because t h e  gas m ix tu re  reached a  steady s t a t e  i n  t he  f i r s t  sec t i on  o f  t he  reac tor .  
Another group of elemental i m p u r i t i e s  i n c l u d i n g  Ca Mg and Cu a r e  present  i n  low 
, l e v e l s  i n  t he  i n p u t  charge and appear t o  be l i t t l e  changed a t  t h i s  s tage of 
A 3. 
.T= *L , .-< charge dep le t ion .  
*& - 
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Figore 2 .4 .3  Emission spec. results for samples taken from 
various sections of the SiF polymer transport 2 system. Al l  concentrations are in ppm w t .  
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O f  p a r t i c u l s r .  i n t e r e s t  i s  t h e  r a p i d  dep le t i on  o f  A1 from the charge. 
We propose t h a t  m e t r l l i c  A1 i m p u r i t i e s  r e a c t  very r a p i d l y  w i t h  SiF4 t o  y i e l d  
AlF3, v i z . ,  
Furthermore the  mass spect ra l  s tud ies  i n d i c a t e  t h a t  once the  A1 has 
been v o l a t i l i z e d  as AlF3 i t  can undergo a  r e a c t i o n  w i t h  the  quar tz  l i n e r  t o  
y i e l d  aluminum s i l i c a t e s  such as Ai6Si2Ol1 and SiF4. The major p o r t i o n  o f  
these s i l i c a t e s  remains as a  coat ing  on the  quartz tube, bu t  ana lys i s  of the  
deposi ts  i n  the  b a f f l e  a lso  i n d i c a t e s  t h a t  some i s  swept ou t  of t he  tube 
and i s  trapped there  under t h ~  h t c h  mode cond i t ions .  High throughputs may 
a1 t e r  these resu l t s .  
Th is  r e s u l t  i nd i ca tes  t h a t  a pretreatment  o f  a  f resh mg s i l i c o n  charge 
w i t h  SiF4 may be an e f f e c t i v e  way t o  reduce A1 content  i n  t h e  mg s i l i c o n  charge. 
L-+ 
. The gas would then be recycled.  This i s  cons is ten t  w i t h  p red ic t i ons  made on t h e  
:i \ basis o f  f ree  energy change (AG) f o r  r e a c t i o n  o f  SiF w i t h  var ious impur i t i es .  
2 .v 4 
A1 and B are  the  on ly  i m p u r i t i e s  of i n t e r e s t  which have a negat ive AG, thus 
these a re  the  major ones expected t o  be t ransported.  I n  the  case o f  boron, i t  
i s  present i n  such low l e v e l s  i n  these samples t h a t  t he  r e s u l t s  do not  , c l e a r l y  
i n d i c a t e  t h e  r o l e  boron i s  p l a y i n g  Jn the  o v e r a l l  process'. The grtYkc. tyf c r y s t a l s  
from the  product i s  t h e  most r e l i a b l e  way t o  determine i t s  e f fec t . '  i n i s  i s  
described i r l  a  l a t e r  s e c t i o ~ .  
The deposits between t h e h o t  zone ar,b t h e  product t raps  con ta in  l a r g e  
amounts, o f  i m p u r i t i e s  k h i c h  fo rm f l u o r i d e  compounds o f  low and moderate v o l a t i l  i ty 
such as Al,  Ca, Hn, Mg and Cu. 
The baf f le  i s  used t o  t r a p  p a r t i c u l a t e s  and condense some polymer en- 
hancing i m p u r i t y  nuc leat ion  f rom the  gas stream. Three elements,Na, Ca and B 
were detected i n  t h i s  area which were n o t  detected even i n  the  i n p u t  ma te r ia l .  
These elements could be present  below ES de tec t i on  l i m i t s  i n  t h e  charge and be 
concentrated i n  the  b a f f l e  depos i t  underscoring the need f o r  t h i s  stage i n  the  
apparatus. 
(3) (c) 
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Recyc l ing  of t h e  ou tpu t  gases w i l l  g i v e  i n fo rma t ion  on the  b u i l d  
1 up o f  h i g h l y  v o l a t i l e  f l u o r i d e  compounds i n  t h e  gas stream. One pass through 
the  r e a c t o r  does n o t  p e r m i t  b u i l d u p  t o  occur t o  t h e  de tec t i on  l i m i t s  o f  GC/MS 
ana lys is .  
2.4.7 Chronological  S i  1  i c o n  Product P u r i t y  
S i l i c o n  has been made v i a  SiFp t r a n s p o r t  under many d i f f e r e n t  se ts  o f  
cond i t i ons  s ince  the  i n c e p t i o n  of  t h i s  p ro jec t .  I n i t i a l l y ,  r e l a t i v e l y  s imple 
batch reac to rs  were used. I n t r o d u c t i o n  o f  the  b a f f l e  concept r e s u l t e d  i n  a 
lower aluminum content .  Dur ing  t h e  k i n e t i c  s tudies,  run  under h i g h l y  c o n t r o l l e d  
cond i t i ons  o f  low throughput,  samples o f  very h i g h  qua1 i t y  were produced. 
F i n a l l y  experiments designed t o  produce samples con ta in ing  l a r g e r  q u a n t i t i e s  
of m a t e r i a l  a t  h ighe r  throughput and i n  a semj-continuous manner were conducted. 
,%I Throughout the  e v o l u t i o n  o f  t h e  process many f a c t o r s  i n c l u d i n g  r e a c t o r  
design and sample hand l ing  techniques have been incorpora ted  t o  improve p u r i t y .  
i "'* Table 2.4-9 g ives an i n d i c a t i o n  o f  t he  changes i n  the  charac ter  o f  the  product .  $4 - The f i r s t  column i s  a t y p i c a l  mg S i  ssms ana lys is .  The second column l i s t s  t he  
r e s u l t s  f o r  t h e  f i r s t  s i l i c o n  product  submitted f o r  ssms ana lys is .  Aluminum 
was reduced by a f a c t o r  o f  t h r e e  over  mg S i ,  b u t  c l e a r l y  there  was contaminat ion by 
the  system p a r t i c u l a r l y  i n  t h e  case of P. Most o t h e r  i m p u r i t y  l e v e l s  were re -  
# duced. 
I n c l u s i o n  o f  t he  b a f f l e  design, a h igh  temperature vacuum bake o u t  c y c l e  
and e l i m i n a t i o n  o f  P c o n t a i n i n g  o- r ings  r e s u l t e d  i n  t he  sample dep ic ted  by column 
3. A1 and P concent ra t ions  were reduced d ramat i ca l l y  w h i l e  subs tan t i a l  decreases 
were r e g i s t e r e d  f o r  most o t h e r  i m p u r i t i e s .  Perhaps the bes t  sample produced i n  
the  l a r g e  batch reac to rs  i s  l i s t e d  i n  column 4. The sample i n  column 5 was pro-  
du'ced on a smal l  r eac to r ,  under low throughput cond i t i ons  dur ing  the  k i n e t i c  
s tud ies .  The r e a c t o r  d i d  n o t  have a b a f f l e ,  thus the  A1 content  i s  h igher  than 
would be c o n s i s t e n t  w i t h  t h e  l e v e l s  o f  t h e  o the r  elements. The product  was h i g h  
dens i t y  CVD S i  r a t h e r  than powder. Overa l l  i t  was the  bes t  uncorrected sample 
analyzed by ssms. 
With the  increased emphasis on engineering studies, continuous 
opera t i on  and h igher  throughput, new r e a i t o r s  were designed which, w h i l e  
i n c o r p o r a t i n g  t h e  concepts known t o  produce h igh  p u r i t y  , st ressed t h e  
chemical process/: P u r i t y ,  w h i l e  s t i l l  adequate, f e l l  i n  some respects. 
The r e s u l t s  i n  column 6 i l l u s t r a t e  t h i s  e f f e c t .  The powder samples were 
f a b r i c a t e d  i n t o  e lectrodes by methods described above. Thus, t h e  r e s u l t s  
have been cor rec ted fo r  handl ing contamination. 
The l a s t  column l i s t s  r e s u l t s  f o r  a c r y s t a l  grown from product  
s i m i l a r  t o ,  bu t  n o t  i d e n t i c a l  t o ,  t he  sample from column $5. These r e s u l t s  
show t h e  e f f e c t i v e  p u r i f i c a t i o n  inherent  i n  c r y s t a l  growth. The r e s i s t i v i t y  
of t h i s  c r y s t a l  i s  0.15 ohm cm n-type (corresponding t o  1 ppma uncompensated 
P). Mark on the  removal o r  c o n t r o l  of e l e c t r i c a l l y  a c t i v e  donors and 
acceptors could y i e l d  a product s u i t a b l e  f o r  s o l a r  app l i ca t i ons .  
The analyses i n  Table 2.4-9 show t h a t  w i t h i n  the  l i m i t s  o f  ssms, 
o u r  major t o o l  f o r  purit,y determinat ion, t he  products produced and described 
i n  columns 5, 6 and 7 are  n o t  d i s t i ngu ishab le  from semiconductor grade samples 
analyzed by  a se rv i ce  l a b  except f o r  poss ib l y  phosphorus. Thus, w i t h i n  t h e  con- 
s t r a i n t s  o f  our "working d e f i n i t i o n "  o f  semiconductor grade s i l i c o n ,  our goal s  
have been a t ta ined.  R e a l i s t i c a l l y  however, f u r the r  work i s  needed t o  a f f e c t  
removal of donors and acceptors t o  a lower l e v e l  cons is ten t  w i t h  standard 
s o l a r  c e l l  r e s i s t i v i t i e s .  
2.4.8 Evaluat ion  of t h e  SiF2 Transport Product by Crys ta l  Growth 
Several samples from t h e  near-cont i  nuous t ranspor t  experiments were 
converted t o  s i n g l e  c r y s t a l  f o r  evaluat ion.  B a s i c a l l y  the  process involved:  
a )  harves t ing  the  powder samples 
b) vacuum heat  treatment a t  800 t o  1 0 0 0 ~ ~  
c )  compaction i n t o  p e l l e t s  
d)  load/mel t  i n  an ADL Model HP c r y s t a l  furnace 
e )  c r y s t a l  growth/sl  i c ing /eva luat ion .  
R 
Of ten  i n  these experiments, t h e  r e s u l t s  o f  m e l t  down were n o t  simple. 
I n  most cases incomplete m e l t  down o r  dross format ion on t h e  m e l t  sur face 
prevented c r y s t a l  growth. The dross was analyzed by e lec t ron  microprobe and ii 
Auger ana lys is .  The r e s u l t s  showed S i c  format ion from the g raph i te  p a r t s  
";in t h e  rf heated system. When t h i s  occurred t h e  m e l t  was so l  i d i f i e d ,  etched 
to  remove t h e  c r u c i b l e  remains and remelted. I n  a l l  cases the  i ngo ts  were 
l a r g e  g r a i n  p o l y c r y s t a l l i n e .  The r e s u l t s  o f  some experiments a r e  shown i n  Table 
2.4-10. From t h e  p a r t i a l  l i s t i n g  i n  t h e  t a b l e  i t  i s  c lea r  t h a t  donors (phosphorus) 
dominate t h e  product  c a r r i e r  type a t  about 1 ppma. Experiment 4) y i e l d e d  an 
i n g o t  which was compensated w i t h  t h e  seed end being dominated by boron. Due 
t o  t h e  smal le r  segregation c o e f f i c i e n t  f o r  phosphorus (.35 versus .8 f o r  boron), 
t h e  P was concentrated i n  t h e  m e l t  thus dominating t h e  tang p o r t i o n  o f  t h e  i ngo t .  
The ssms r e s u l t s  f o r  experiment 7 )  a re  presented i n  Table 2.4-9. The 
r e s u l t s  show t h a t  f o r  a l l  elements except t h e  pr imary dopants the  process i s  
e f f e c t i v e  i n  p u r i f i c a t i & i .  However, f u r t h e r  work on removal of B and P from t h e  
% I
depos i t i on  gas stream i s  requ i red  t o  a t t a i n  a h i g h  r e s i s t i v i t y  product.  
i 
Comments on S i l i z o n  Eva luat ion  
I n  t h e  preceding sect ions work on t h e  eva luat ion  o f  t h e  SiF2 t ranspor ted 
S i  product  has been described. I t  can be summarized as fol!ows: Wi th in  the  
c o n s t r a i n t s  imposed by r e l i a n c e  on ssms as the  pr imary eva luat ion  t o o l ,  t he  SiF2 
t r a n s p o r t  process produces S i  which approaches semiconductor grade q u a l i t y .  
Regarding ssms i t  has become apparent t h a t  the technique requ i res  several 
ti p r e r e q u i s i t e s  t o  be a re1  i a b l e  a n a l y t i c a l  t o o l  f o r  s i l i c o n  i n  the  ppba range. 
The f i r s t  i s  t h e  ded ica t i on  o f  a machine t o  the  ana lys is  o f  h igh  p u r i t y  s i l i c o n  
w i t h  no o t h e r  m a t e r i a l s  introduced. A second i s  re1  i a b l e  standards w i t h  a un i -  
form d i s t r i b u t i o n  o f  i m p u r i t y  i n  t h e  concent ra t ion  range o f  i n t e r e s t .  Th i rd ,  a 
standardized sample prepara t ion  and c lean ing procedure must be developed. 
The f i r s t  p r e r e q u i s i t e  can be a t t a i n e d  o n l y  by a c a p i t a l  commitment. 
It i s  e n t i r e l y  a quest ion o f  es tab l ished need and c a p i t a l .  Few semiconductor 
companies w i l l  en te r  t h i s  f i e l d  u n t i l  t h e  r e l i a b i l i t y  o f  t h i s  technique fo r  
Table 2.4-10 
SiF2 Transport  Condit ions 
Bed Mate r ia l lP roduc t  
1) mg bed/powder product 
2) mg bed/powder 
3) Combined salvaged 
charge m a t e r i a l  from 
above and 2 runs 
fo r  which no ingo ts  
were produced 
Resul ts  o f  c r y s t a l  growth experiments. 
'1 
1 s t  P u l l  2nd P u l l  
Seed Tang 'seed Tanp 
.08 Rcm 
Run Date/ 
_Type Comments 
\ 
4)  mg bed/powder 1 .O 2-5 
w- compacted w i  t h  D. I. 6/1/78 4 ' water  - combined @type) (N-type) 
' .ruF 2 salvaged runs 
5) mg bed/powder .23 
2 growth cycles .12 N 12/22/78 
I 
o measuring concentrat ions fo r  a v a r i e t y  o f  i m p u r i t i e s  i n  the  ppb range i s  
- es tab l ished.  The need fo r  s e r l s i t i v e  a n a l y t i c a l  t o o l s  i s  n o t  questioned. 
Judging from t h e  repor t s  of labs.  where t h i s  f i r s t  p r e r e q u i s i t e  has been 
met, i t  i s  apparent t h a t  background readings and "memory" can be reduced so 
t h a t  re1  i a b i  1 i ty and reproduci  b i  1 i ty  a re  a t ta ined.  
The development of re1  i a b l  e, we1 1 character ized standards i s  requ i red  
be fo re  ssms ( o r  any o the r  technique) w i l l  be w ide ly  accepted. These must be 
r e a d i l y  a v a i l a b l e  throughout t h e  indust ry .  Cur ren t l y  standards are  no t  w ide ly  
ava i l ab le .  Segregation ef fects i n  c r y s t a l  growth cause concent ra t ion  grad ients ,  
p r e c i p i t a t e s  and non-homogeneities which cause c r y s t a l s  t o  have v a r i a b l e  compo- 
s i t i o n  from one reg ion o f  t h e  l a t t i c e  t o  another. This o f  course produces 
v a r i a b l e  a n a l y t i c a l  data and degrades t h e  usefulness o f  t he  standards. A f a i r l y  
l o n g  term R & D e f f o r t  i n  t h e  development o f  standards must be undertaken be fo re  
widespread acceptance o f  ssms wi  1 1 occur. 
Procedural techniques of p repara t ion  and c leaning present t h e  1 eas t  
severe problem i n  ssms. Standard c lean ing procedures c u r r e n t l y  s ta te -o f - the -  
a r t  i n  t h e  semcionductor i n d u s t r y  can be implemented d i r e c t l y .  Th is  c lean ing 
must be done j u s t  p r i o r  t o  ana lys i s  t o  remove contaminat ion from packaging and 
sh ipp ing  mater ia ls .  
The above d i  scussion has emphasized the  necessary cond i t i ons  t o  a t t a i n  
r e 1  i a b l  e ssms data a t  cu r ren t  techno log ica l  development. This i s  no t ,  however, 
adequate t o  complete ly  analyze semiccnductor grade s i l i c o n .  The de tec t i on  1 i n ~ i  t s  
f o r  such c r i t i c a l  i m p u r i t i e s  as boron, phosphorus, aluminum, t i tan ium,  vanadium 
and a rsen ic  a re  i n  t h e  range o f  several  ppba under t h e  cond i t ions  descr ibed i n  
t h e  preceding sect ions. 
E l e c t r i c a l  eva lua t ion  o f  s i n g l e  c rys ta l s ,  long an es tab l  i shed and re1 i a b l e  
. 
technique i n  t h e  semiconductor i ndus t ry ,  must be incorporated i n t o  any eva lua t ion  
scheme f o r  s i l i c o n .  As emphasized above; ssms r e s u l t s  i n d i c a t e  the  SiF2 product  
approaches semiconductor q u a l i t y ;  however, i t  i s  c l e a r  from the  in-house c r y s t a l  
growth eva lua t ion  t h a t  f u r the r  work on the removal o f  B and P from t h e  gas 
stream i s  requ i red  t o  u l t i m a t e l y  a t t a i n  t h a t  qua1 i t y .  Emphasis on c r y s t a l  growth 
r" b*- as an eva lua t ion  t o o l  a t  t h e  onset of t h i s  p r o j e c t  would have h i g h l i g h t e d  t h i s  
, ' I'S* 
h i r  problem and been more i n s t r u c t i v e  i n  gu id ing  the  course o f  t h e  p r o j e c t  toward 1 
a t ta inment  o f  t he  s t a t e d  goals. 1 
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2.5 One Kg/Hr Min i -P lan t  Design 
k I- A f t e r  t h e  f e a s i b i l i t y  of  the chemist ry  o f  t h e  process was s u f -  
f i c i e n t l y  establ ished,  Phase I 1  of  the  program was i n i t i a t e d  i n  June + 
1978. The o b j e c t i v e  o f  the f i r s t  s i x  months o f  t h i s  phase was t o  design 
\ 
and engineer a m i n i - p l a n t  t o  be capable o f  1000 gm/hr. I t s  purpose would 
be t o  c o l l e c t  c r i t i c a l  engineer ing data on the  f e a s i b i l i t y  and scale-up 
o f  t h e  process. 
The f i r m  of Raphael Katzen Associates I n t e r n a t i o n a l  , Tnc. (RKA) , 
o f  CincJnnat i ,  Ohio, was re ta ined  as consu l tan ts  t o  ca r r y  o u t  t he  chemical 
engineering, design, support, and cos t i ng  f o r  the m i n i - p l a n t  and o t h e r  
scale-up p ro jec t i ons .  Since the  f u l l  design r e p o r t  from RKA i s  being sub- 
m i t t e d  t o  JPL a t  the  same t i h e  as t h i s  f i n a l  repor t ,  on l y  those drawings 
and desc r ip t i ons  r e l e v a n t  t o  an o v e r a l l  view o f  the  engineer ing design w i l l  
be i nc luded  here in .  
,4' :% 
The process as designed f o r  the m in i -p lan t  covers a l l  bas ic  aspects 
5 . 
' 4 ;  
of t he  proposed commercial process i n c l u d i n g  the  i n i t i a l  S i  F4/Si reac t ion ,  
the i m p u r i t y  dropout  baf f le ,  t he  SiFP polymer izer ,  t h e  homologue formation 
and S i  harvester ,  and t h e  SiF4 condenser w i t h  c a p a b i l i t y  f o r  batch recyc le  
o f  SiF4. 
2.5.1 Main Process 
The process f l o w  diagram i s  g iven i n  F igure 2.5.1 w i t h  the process . 
d e s c r i p t i o n  as fo l l ows .  
The r e a c t i o n  between m e t a l l u r g i c a l  grade s i l  i con  and SiF4 takes p lace 
i n  Reactor R-101 a t  a temperature o f  1 , 3 5 0 ~ ~  and a pressure 0.5 t o r r .  SiF4 
. 
' is  in t roduced i n t o  the  bottom o f  t he  r e a c t o r  and t r a v e l s  up through t h e  
bed support  tube. I t  can be preheated. in  t he  bed support tube i f  the  tube 
extends up i n t o  the  heated zone o r  i t  can be preheated. i n  t h e  lower p o r t i o n  
of t h e  s i l i c o n  bed. M e t a l l u r g i c a l  grade s i l i c o n  i s  in t roduced i n t o  the  re -  
a c t o r  through a l o c k  hopper on t o p  o f  E-103. The bed i n  the  r e a c t o r  can be 
operated i n  a f i x e d  o r  f l u i d  mode depending on the s i z e  o f  t h e  s i l  i c o n  
.d * 
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p a r t i c l e s  i n  the bed. A l l  the  reactor  i n t e rna l  s, inc lud ing the reactor  
tube, bed support, heat ing elements and i nsu la t i on  are made from graphite. 
The reac to r  heat ing element i s  d iv ided i n t o  th rec  separately con t ro l l ed  
sect ions. 
\ ' 
The SiF2 formed i n  the reactor  and any unreacted SiF4 flow upward 
i n t o  Cooler E-103. Dowtherm i n  the tubes and wa l l s  o f  E-103 cool the re -  
ac to r  of f -gas from 1 , 3 5 0 ~ ~  t o  250'~. Tank TK-116 i s  a b a f f l e d  knockout 
drum which w i l l  remove most o f  the entra ined p a r t i c u l a t e  impur i t i es  coming 
;' I 
from the reactor .  The drum i s  f i t t e d  w i t h  a l ock  hopper zo a l low per iod ic  
- ,  
removal of the co l lec ted  so l  ids.  
Polymerizer E-104 i s  a jacketed. scraped surface exchanger. The 
gases a re  cooled from 250 '~  t o  - 3 0 ' ~  using Freon i n  the she l l  a t  -80'~. 
The SiFp i s  condensed and polymerized on the wal ls  o f  E-104. The scrapers 
remove the  polymer deposit, which comes o f f  f n  granular form. The condenser 
i s  sloped toward the gas i n l e t  end. This causes the polymer gran l les  t o  move 
x"""- 
countercurrent  t u  the gas f l ow t o  the so l i ds  discharge nozzle. The jacke t  
" f 
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of E-104 i s  d iv ided i n t o  several sect ions t o  a l l ow f l e x i b i l i t y  i n  operat ing 
/j condi t ions.  The remaining SiF4 passes i n t o  Polymerizer Vent Condenser E-108 
where i t  i s  condensed t o  a s o l i d  on surfaces cooled w i t h  I t q u i d  nitrogen. 
The polymer f a l l s  from the polymerizer o u t l e t  i n t o  the suct ion hopper 
of Polymer Pump-120. This i s  a progressive c a v i t y  pump f i t t e d  w i t h  an Auger 
-feed hopper. The hopper i s  e l e c t r i c a l l y  t raced t o  warm and sof ten the granular  
polymer before i t  enters the pump. 
The polymer i s  discharged i n t o  the vaporizer sect ion o f  Harvester R-107. 
This i s  a bed o f  s i l i c o n  granules f l u i d i z e d  by a r e c i r c u l a t i n g  SiF4 gas stream. 
The i n l e t  gas temperature i s  250'~. S i l i c o n  add i t i on  and withdrawal hoppers 
a re  provided t o  a l low inventory and p a r t i c l e  s i ze  adjustment dur ing operat ion. 
The polymer i s  converted t o  gaseous homologues and d i l u t e d  i n  the vaporizer 
so t h a t  the homologue p a r t i a l  pressure i s  5 t o r r .  Gases leav ing  the vapor izer  
sect ion then enter  the r i s e r  po r t i on  o f  the harvester. The gases en t ra i n  
ho t  s i l i c o n  p a r t i c l e s  introduced near the bottom o f  the r i s e r  and ca r ry  
the s i l i c o n  up the r i s e r .  The heated s i l i c o n  p a r t i c l e s  provide the heat 
and surface area necessary t o  decompose the homologues t o  s i l i c o n  and SiF4 
u 
and s p o s i t  t h e  s l l i c o n  on the  p a r t i c l e s .  The s i l i c o n  p a r t i c l e s  and the  
gas a r e  separated i n  the upper p o r t i o n  o f  the harvester .  The gas f lows 
o u t  through a ba f f l e  and i s  then cooled from approximately 8 0 0 ~ ~  t o  250 '~  
i n  t h e  a i r - coo led  SiF4 Recycle Cooler E-110. The n e t  make o f  SiF4 i s  
removed f rom the  recyc le  stream under pressure c o n t r o l  and i s  condensed 
, i n  Harvester  Vent Condenser E-111 by l i q u i d  n i t rogen.  The bu l k  of t he  
recyc led  SiF4 i s  re tu rned t o  the  harves ter  by Blower 8-113. 
The s i l i c o n  s o l i d s  f rom the  top  o f  t h e  harvester  f l o w  by g r a v i t y  
down through an e l e c t r i c  heater  and a r e  re tu rned  t o  the bottom of  t he  r i s e r .  
A p o r t i o n  of the c i r c u l a t i n g  s i l i c o n  i s  removed from the bottom of  t h e  down- 
comer; Some o f  t h i s  ma te r i a l  i s  p roduct  w h i l e  the  r e s t  i s  crushed. etched 
t o  remove surface impur i t i es ,  and re tu rned  t o  the  top  of the downcomer as 
seeds f o r  s i l i c o n  depos i t ion .  
As an a l t e r n a t e  t o  t h e  r i s e r  harvester ,  a f a s t  f l u i d i z e d  bed w i t h  a 
r e c i r c u l a t i n g  gas stream cou ld  be used. This  would r e q u i r e  a d i f f e r e n t  
harves ter  vessel . 
2.5.2 Vacuum R e l i e f  System 
A header con ta in ing  an i n e r t  gas a t  approximately 1 atm pressure 
Yt p rov ides a means of b r i n g i n g  t h e  system up t o  atmospheric pressure i n  the  
event of a leak .  It a l s o  prov ides an i n e r t  purge when the  system i s  
opened. The i n e r t  gas i s  manual ly c o n t r o l l e d  from a c e n t r a l  p o i n t  by 
so leno id  valves a t  each purge gas i n l e t .  
2.5.3 Dowtherm System 
The c o o l i n g  medium f o r  Reactor Off-gas Cooler E-103 i s  l i q u i d  Dow- 
t h e m  "A" .  Pump P-113 c i r c u l a t e s  Dowtherm a t  approximately 20 gpm through 
Dowtherm Heater E-118, through the  Cooler, E-103, and then through an a i r -  
cooled Dowtherm Cooler E-117. Since the  thermal l o a d  from the  process i s  
r e l a t i v e l y  smal l  compared t o  the  s i z e  o f  t h e  Dowtherm system, i t  may be 
necessary t o  r u n  E-118 cont inuous ly  i n  o rder  t o  prouide t h e  necessary 
temperature c o n t r o l  i n  Cooler E-103. 
SiF Recycle System 
- 4- 
The SiFp co l lec ted  i n  Vent Condensers E-108 and E-111 i s  re-  
turned t o  storage cycl inders for  reuse as reactor  feed. This recycle CLI 
i s  ca r r i ed  ou t  i n  the followl'ng stp,$s. When Condenser E-IOBA has ac- 
cumulated a f u l l  load o f  SiF4, the''process i s  swung over t o  Condenser 
E-108B. E-108A i s  valved o f f  from the vacuum system and i s  connected 
O 
F 
4 
. 
t o  SiF4 Condenser E-112. A warm f l u i d  (Freon a t  -65'~) i s  introduced 
.; t o  the c o i l s  and the pressure i s  brought up t o  approximately 35 psig. 
8 
kl Under these condit ions, the S~F;  l i q u e f i e s  and i s  then bo i led  out  o f  
2.. E-108A and recondensed in E-112 using r e f r i g e r a n t  a t  -80%. The l i q u i d - ,  
% 
; 
SiFq condensed i n  E-112 f lows by g r a v i t y  i n t o  a re f r ige ra ted  storage 
$ tank (TK-1238 o r  B).  These can be blown doyn t o  atmosphere a t  the 
7 end o f  the b o i l o u t  cycle as' needed. I f  p&tkr accumulates on the 
I 
condensing surface of E-108A, connections are provided t o  a l low melt ing out  
the polymer w i t h  hot  SiF4 from the harvester recycle stream. When the 
t bo i l ou t  cycle i s  complete, the exchanger i s  i so l a ted  from Condenser E-112 . 
and the l i q u i d  ni t rogen i s  pu t  back i n t o  tha co i l s .  , This w i l l  condense 
. the,SiF4 i n  the condenser and re tu rn  i t  t o  a low pressure i n  preparation 
for a new condensing cycle. Exchangers E-111A and B operate i n  a s im i l a r  1 
D manner. . . 
2.5.5 Freon Ref r igerat ion 
ii 
To provide the intermediate temperature leve ls  i n  the polymerizer 
and SiF4 condensers, Freon i s  cooled t o  - 80 '~  w i t h  l i q u i d  n i t rogen i n  Freon 
Cooler E-122. Pump P-121 c i rcu la tes  the Freon t o  Polymerizer E-104 and SiF4 
Condenser E-112. The warmer Freon required f o r  mel tout  o f  Condensers E-108 
ar.d E-111 i s  provided by the discharge from Condenset. E-112. During mel t -  
out the  Freon w i l l  f low from E-112, through Frecn Heater E-124 t o  the un i t s  
being melted out. With t h i s  arrangement, mel tout  can be ca r r i ed  out regard- 
less of the status of the r e s t  of the process. 
When the  vent condensers are swung from condensing t o  meltout, the 
the tubes % s  changed f rom' l  i q u i d  n i t rogen 
128 
t o  Freon,. The gaseous 
ni t rogen l e f t  i n  the tubes w i l l  be ca r r ied  back t o  Freon Coo7er E-122 
and vented from the  system under pressure cont ro l .  When the condensers 
are swung from Freon back t o  l i q u i d  nitrogen, the Freon w i l l  have t o  be 
blown back t o  E-122 w i t h  gaseous n i t rogen before the l i q u i d  nitrogen,-\, 
I 
t- i s  c u t  in ,  
Equipment Design 
The basis f o r  the design and s i z i ng  of the process equipment i s  
b r t e f l y  summarized i n  Table 2.5-1. The equipment cost derived from the 
l i s t  given i n  Table 2.5-2 i s  based mainly on cost  estimates received from. 
vendors. The eleven page instrunient l i s t  i s  too extensive t o  be shown 
herein, bu t  i s  i n  the RKA f u l l  design report .  
A ntodel o f  the min i -p lant  was put together by RK4 t o  assf s t  i n  the 
layout and , . the p ip ing  design. The model i s  l a i d  out  t o  f i t  i n t o  the pro- 
posed s i t e  o f  the u n i t  i n  an e x i s t i n g  empty s t ruc tu re  a t  Motorola* Views 
of  the layou t  from two d i f f e r e n t  d i rec t ions  are given i n  Figure 2.5.2a 
and 2.5.2b. 
2.5.7 Estimate 
Using cost  t o t a l s  from the equipment and instrument l i s t s  and the 
p ip ing  design model, an estimate o f  the i n s t a l l e d  cost  for  the 1 kg/hr min i -  
p l an t  has been made. The breakdown of the $812,000 i n s t a l l e d  cost  i s  given 
i n  Table 2.5-3. Items i n  the estimate other than the equipment and i ns t r u -  
ments are judgments based on t h i s  p a r t i c u l a r  p lant .  Conventional est imat ing 
factors used t o  generate an i n s t a l l e d  p lan t  cost  from the equipment and 
instrunient costs were not  used because o f  the small s ize o f  the p l a n t  and 
'the small amount of p ip ing  required. 
The r e l a t i v e l y  h igh cost  of t h e s p l a n t  per u n i t  o f  output r esu l t s  from 
.i." 
using commercial equipment,. b y t  on a small scale.  his cos t  can be j u s t i f i e d  
by the f a c t  t h a t  the  data obtained from ,this p l an t  w i l l  be d i r e c t l y  appl icable 
t o  the design o f  a commercial p l sn t .  
Table 2.5-1 Equipment L i s t  - MJni-plant 
0 ,y* 
Jtcm i 
-- Dencriptio_n_ Design Ranis - Ascumptio~z - 
E-103 12" dia.  : 57" h 1 . 0  ~ ~ t u / r t r  ft2 OF The l iqui .3 c001.4~1. 
Reactor Off- 30 rq. f t  on tu&s Q=5,253 Btuf i r  v i l l  p r c v ~ t ~ t  correniv.1 
Gas Coulcr and jackctcd s n e ? l  o f  t h c  petit1 EUC:JCCL 
by t h o  h o t  p.tse9. 
E-304 
: > 
6" x 8" x 7.2' Uc3.7 .€t2 *F 
Pol]?.lurixcr Vogt scri~l~cv! 
u n i t ,  1: sq. f t  ~ = i i , 7 a o  n t u f i r  
E-10s 
Fo1'in.crinr.r 
Vcnt Con- 
donscrs 
E-111 . 
Harvester 
Vent Con- 
densers 
12" d ia .  x G9" 
25 sq. f t .  jn tdo 
panel coil ;  and 
jacketed s h a l l  
2 requi re3  
12" dia.  x 68" 
25 sq. f t .  i n  two 
panel c o i l s  an3 
jacketed s h c l l  
2 required 
A i r  cooled f i n  tubes 
Incon?l tubes 
E-112 U-tube conderlser 
s i p  cc:1- 4 1 6  sq. f t .  
See E-111 
2 hr. accumul%Cion S p e c t f i c  g r a v i t y  of 
S i p  d c p c a t  1 / 4 " t h i ~ k  s o l i d  S iF  is 1.58. 4 4 
Feed rate=10.3 l b / h r  
based on rxtended our- 
f a c e  cooling g;s fro.n 
800°C t o  250Dc 
P-36,180 Dtv/hr  
U-:13 85 acfm @ 150 t o r r  10.7" KG ca lcu la ted  3 
S i p  Kccycle 22" k:G s t a t i c  ( a i r  4 400 'C o p r a t i n q  B1ot:or eg i iva lnnt )  temperatucc 
I n c o t ~ e l  crvlstructf  or 
R-101 FJxed ha3 typc 0.C369 kg/hr i n  2 
Reactor Graphite coilstrurt-ion r e a c t i o a  area O 80% 
R- 107 Risur  type reac tor  1 scc.  r c z i d c ~ ~ c e  t i n e  
1lsrvesto:- 830°C, 15i1 t o r r  i n  rr i lctor  
0pcX;riinr: con.litions 
Jnconcl eI~r i l  with 
i n t e r n a l  insu lac lo~r  
and Last  S i c  abras ive  
l i n i n g  
Table 2.5-2 Equipment List - Mini-plant 
t 
Des l gn 
l t c r  No. Description 
---- ---- Condi t ion5 
. E-103 Reactor Off-gas Cooler 3OO0C 
Q 5,2532Gtt~ihr Vacuum 
A = 30 f t  
E-104 Polyner izer -120°C 
Scraped Surface, double 
pipe exchanger 
Q = 11,729 Gtu/hr 
A  m 17 f t  
E-IOBALB Polymerizer Vent Condensers -196'C ,, 
Q = 722 Btu/hr (Cooling) 50 pstg/ 
Q = 963 Dl,u/hr (Meltout) Vacuur8t 
A =  24 ftL 
E-110 Recycle Cooler 
Finned I la i rp in,  A i r  Cooled 
Q = 30,160 Btu/br 
E- l l lAL8 Harvester Vent Condc?nsers 
Q = 2,420 Btu/hr- (Cooling) 
E-112 SIF Co11dcn:er 
Q4= 5.77G2Utu/hr 
A =  16 f t  
E-117 Ocwthern~ Cooler 
A i r  Cooled F in  Tube 
Q = 5.257 Btu/hr 
A = 3 ft' 
900°C 
Vacuum 
-1 96°C 
50 psSg/ 
Vacuum 
-120°C 
100 psig 
300°C 
50 psig 
b t e r t a l s  
o f  Estlrnatcd 
Construction l c t a l  Cost. 
Inconel 2.000 
.* 
C.S. 1,800 
I E-118 Douthe~.m Heater (E1ect l . i~)  300°C C.S. $ 1,130 
50 psig 
E-122 FreocCosler -196°C 304 SS 3,003 
Tank Co i l  
Q 29,6122Btu/hr 
A = 4.5 f t  
(? 
E-124 Freon Ijester (E lec t r i c )  -80°C 304 SS 1,495 
20 psig 
C' 
8-113 SiF Recycle Blower 400°C Inconel 30,003 
180 ac fn  
I (  
0 8-11 8 Oorrtherrin Cooler Blower hsbient C.S. . 1,200 
300 acfm '\ 
8iAf:TORS 
-
k ' 9  
Reactor 
Harvester 
I w l r u  uowtnernl ncaa lank 
TK-123ALB SiF4 Storage Tanks 
I 
1 ,350°C Graphi tc  90,0?0 
Vacuum 
800°C S i l i con  87,000 
Vacu~m Carbide , 
I 
i 
3OO0C C.S. 2,000 
50 psi9 
-103°C 304 SS 10,800 
1,100 psig 
Table 2.5-2 (continued) Equipment L i s t  - Min i -p lant  
Design 
Item KO. Descr ipt ion Conditions 
PLVIPS 
-
P-114 Vacuum Puri,p 
206 ac:c~ 
P-119 D o w t h e r m C i ~ ~ c u l a t i o n P u m p  300°C 
20 gpn P 50' TOli 50 ps ig  
P-121 Freon C i r cu la t i on  Pump 
10 gpn @ 50' TOH . 
2oo0c 
Vacuum 
-12O0C 
20 ps ig  
F-125 Vacuum Pump F i l t e r  F u l l  vacuum 
250°C 
, 
Ha tc r l a l s  - 
o f  Est5111a ted 
Construction _Total Cost 
- 
C.S. $ 7,000 
C.S. 860 
C.S. 3,300 
Tef 1 cn 
C.S. 830 
C.S. ' 710 
P 
TOT& $ 289,905 
Figure 2.5.2a Side angle view o f  mini-plant 
model. 
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Figure 2.5.2b Front view of mini-plant 
model . 
Table 2.5-3 Mini-plant  Cost Estimate 
1 k g b r  P l m t  coat  ~ a t i m u t .  
DIRECT MIATERIALS 
Fie ld  ?!ateriala 
Piping 
Electr ica l  
Instrmento 
Insulation 
Painting 
'KIPAX, DfREiPeP MATERIirLS 
DIRECT LABOR 
Equipment I n s t a l l a t i o n  5 43,500 
Insta l lat ion  o f  F i e l d  Materiala 
Piping 
E l e c t r i c a l  
I n s t m e n t s  
Insulation 
Painting 
W A L  DIPECT -OR 
m I R E C T  COST 
Construction Overhead $ 45,800 
Contractor's Fee 18,000 
h g i n e e r i n g  50,000 
' $ 45,800 
,  

Figure 2.5.3 Conceptual layout of 100 MT/yr plant. 
2.5.8 Design and Economics a t  S i l i c o n  Product ion Rates t o  ?00_0_ 
M e t r i c  Tons pe r  Year 
A conceptual design was developed f o r  a cormercial  p l a n t  producing 
1,000 MT/yr o f  semiconductor grade s i l i c o n  and t h e  p l a n t  c o s t  was estimated. 
The c o s t  o f  a p l a n t  producing 330 Mtlyr was scaled from the 1,000 MT p lan t .  
This sec t i on  g ives  a b r i e f  process desc r ip t i on  o f  the commercial p l a n t  
as w e l l  as a summary of theassumptions and design basis used f o r  t he  
major equipment items i n  the  commercial p lan t .  
The opera t ing  cond i t ions  f o r  t he  commercial p l a r ~ t  were genera l ly  
taken t o  be i d e n t i c a l  t o  those assumed f o r  the  min i -p lan t .  The main ex- 
c e p t i o n  t o  t h i s  i s  i n  t h e  ,opera t ing  temperature o f  the  harvester ,  which 
was assumed t o  be 600 '~  f o r  the  commercial p lan t ,  wh i le  t h e  m in i -p lan t  
i s  expected t o  be capable of running from 500 t o  8 0 0 ~ ~  i f  necessaiy. 
The proposed l a y o u t  f o r  t h e  1,000 MT p l a n t  i s  g iven i n  F igure 2.5.3. 
Equipment numbering f o r  the  commercial p l a n t  i s  t h e  same as t h a t  used i n  
the  m in i -p lan t .  M e t a l l u r g i c a l  grade s i l i c o n  i s  metered by g r a v i t y  through 
Y ,+ 
a small  l o c k  hopper from evacuated feed tanks t o  each o f  t h e  th ree  F l u i d  
Bed Reactors, R-1O1A through C. Fresh s i l i c o n  feed enters  a t  one end and 
flows i n  approximately p l  ug f l  ~w through the  reac tor .  Unreacted s i l  i con  
and ash cont inuously overf low t h e  o u t l e t  w e i r  and leave the  reac tor .  SiF2 
produced i n  t h e  r e a c t o r  f lows upward through Cooler, E-103. A header system 
-i on t o p  o f  each coo ler  assures an even f l ow  o f  gas over t h e  p l a t e s  and de- 
l i v e r s  the  cooled gases t o  t h e  f i v e  polymerizers associated w i t h  each r e -  
a c t o r  (15 t o t a l ) .  SiF4 leav ing  the  polymerizers f lows through headers t o  
one o f  two Polymerizer Vent Condensers, E-108 A & B y  where i t  i s  condensed 
t o  a s o l i d  w i t h  l i q u i d  n i t rogen.  Two 7,800 cfm vacuum pumps back up the  
condensers. 
One polymer pump serves each s e t  o f  f i v e  polymerizers. The th ree 
pulnps discharge i n t o  the  vapor izer  on t h e  s i n g l e  h a r v a t e r .  
Harvester R-707 uses a s i n g l e  r i s e r  scaled up d i r e c t l y  from t h e  
one kg/hr min i -p lan t .  Three s o l i d s  downcomers and heaters a re  used t o  pro-  
v ide  an even d i s t r i b u t i o n  o f  s o l i d s  i n t o  the  r i s e r .  Operat ion a t  600 '~  
was assumed. The s i l i c o n  produced a t  t h i s  temperature w i l l  con ta in  a  
considerable amount of f l uo r i ne .  A small post- t reatment  r e a c t o r  w i  11 
heat t h e  product  t o  8 0 0 ' ~  t o  y i e l d  pure p o l y c r y s t a l  1  i ne  s i l  icon.  
The n e t  SiF4 made from the  harvester  w i l l  be condensed i n  
Harvester  Vent Condensers, E-111 A & B. Operat ion o f  these u n i t s  i s  
i d e n t i c a l  t o  Condensers, E-108 A & B, and they are  backed up by the  
same vacuum pumps t h a t  serve the  polymeri  zer  condensers. 
Table 2.5-4 g ives a  b r i e f  summary o f  t he  design bas is  and major  
assumptions used i n  s i z i n g  the  major  equipment f o r  t he  1,000 MT/yr com- 
merc ia l  p lan t .  Table 2.5-5 i s  an equipment l i s t  i n c l u d i n g  est imated 
cos ts  t h a t  comes t o  a t o t a l  zqcS?msnt c o s t  o f  $2,382,300 which inc ludes 
an o f f s i  t e  r e f r i g e r a t i o n  package a t  $600,000. 
The t o t a l  c a p i t a l  cos t  f o r  the  1000 MT/yr commercial p l a n t  i s  
est imated by RKA a t  $6,160,000 as summarized i n  Table 2.5-6. Cap i ta l  
f o r  a  330 MT/yr p l a n t  i s  g iven i n  Table 2.5-7. [-, 
k I n  Q u a r t e r l y  Report No. 10, a  Motorola generated equipment and 
3 
c a p i t a l  c o s t  was presented f o r  t h a t  p o i n t  i n  the  p ro jec t .  Table 2.5-8 
compares the investment cos ts  as presented then i n  column 1  and the  present  
RKA est imate i n  column 2. Note t h a t  the  Motorola est imate d i d  n o t  i n c l u d e  
a  c a p i t a l  f i g u r e  b u t  i ns tead  inc luded both c a p i t a l  charges and ope ra t i ng  
charges under t h e  u t i l i t i e s  cost .  The major reason f o r  t he  lower  RKA 
est imate i s  t h a t  they b e l i e v e  t h a t  the standard factors t h a t  had o r i g i n a l l y  
1 
been used f o r  i n s t a l l a t i o n ,  etc .  per  the standard format from Lamar were 
n o t  a p p l i c a b l e  i n  t h i s  p a r t i c u l a r  case where we have l e s s  p ip ing ,  i n s t r u -  
mentat ion, etc .  than i n  a  standard chemical p l a n t  o r  r e f i n e r y .  However, 
mindfu l  o f  the  f a c t  t h a t  t h e  r e s u l t i n g  product c o s t  i s  h igh  due t o  t h e  
h ighe r  r e f r i g e r a n t  and cap i ta1  c o s t  than the  RKA est imate, the  r e s u l t  from 
Q u a r t e r l y  Report No. 10 i s  given i n  Table 2.5-9 f o r  a  S i  cos t  o f  $7.71/kg. 
F igure  2.5.4 f rom the  same r e p o r t  shows t h e  e f f e c t  t h a t  more o r  l e s s  c a p i t a l  
has on t h e  S i  c o s t  f o r  two SiF4 costs.  Note t h a t  the RKA c a p i t a l  es t imate  
of $6,160,000 g ives  a S i  product  c o s t  of under $7/kg. 
d'i " 
Table 2.5-4 Equipment Design Basis  - 1000 MT/yr P lant  
Itcn - Description 
t-103 6'6" d27'TfT 
Reactor Off- 443 ft panel coil 
Gas W l e r  bundle in each 
3 required 
e l 0 4  12.x14"x301 
Polym*rirar Vogt Scraped S face Y Units, 94.2 ft /unit 
15 required 
Equipped for use with 
direct refrigeration 
Design Basis Assumptions 
u0=i.ontum ft2 'I 
P;2lOlO0OBtu/hr a. 
Panels on 6" centers 
5 30' units h 
QlOO, 000 ea pa~allel will not 
.- 
tave excessive 
p:essurc drop 
E-108 3' 6 x2B1 2 hr accmulation sp.cif ic gravity 
Polyocrizer 293 ft panel coil siF4 deposit bm thick cf solid s e 4  b 
Vent Con- bundle in each Panels on 6" ccnters 1.58 
densers 2 required Feed rate - 263 lb/hr 
G l l l  3 6 x 14' 2 hr accrnulation specific gravity 
Harvester 1214 ft pan01 coil feed rate = 1275 Ih/hr of solid S~F, 
- Vent Con- bundl* in each panels on 3" centers is 1.58 
denser. 2 required SiF4 deposit 4" thick 
E-110 Air cooled Fin tubes Uo= 2.2 SF ft2 based 
Recyela Inconel tubu 
Cooler cn extended surface 
coolin3 gaa frcm 6 0 0 ~ ~  
to 427 C 
pl.17 H?I Btu/hr 
5 1 1 2  U-tube2condenser U -50 - B tu 
Sir4 Con- 283 ft o hrft2% 
dcneer 
Table 2.5-4 (continued) 
Item 
- Description Design Basis Assumptions . 
-. 
8-113 12000 acfm 13" KG calculated Carpenter 20 
sir, Reaycla Q 27" h ' ~  static 427Oc operating 
Blower (air equivalent) temperature alloy is satisfactory 
- Carpenter 20 con- 0 427'~ 
atruction with double 
I 
R-101 Fluid bcd'conveyor- 0.0369 k g h  in2 4-6" bed depth 
Raactor type. Graphrts 
2 reaction rate Q 80t ir sufficient ' 24 ft surface nnversion 
3 required 
R-107 Risgr-type reactor Direct scale~p 1) Harvesting 
Harvester , COO C, 150 torr ; or 1 kg/hr unit, reaction will 
Operating conditions 1 sec residence proceed satisfac- 
Xnconel shell with time in riser torily at 6 0 0 ~ ~  
Sic tile lining 2) Post treatment 
Pcfrigeration 
Package 
of Si grocuct ' 
at 800 C will produce 
ratisfactory raterial 
3) Inconel can safely 
withstand process gases 
at 600°c. 
3 loop system Heat loads 
producing liquid Nt 275,000 B t u k  N 
at - 1 7 6 ~ ~ .  ethylene 197 K? Btu,/hr etiy- 
at -80°c, and 70 prig lenc @ -BOOC 
and ethylene at -65O~ 352,000 Btu/hr ethy- 
and -95 psia. lene e -65'~ 
Table 2.5-5 Equipment L i s t  - 1000 MTlyr Plant  
Item No. Description 
Exchangers 
E-103 Rx offgas cooler 
A-C' 9.21 0,004 Btu/hr 
A.443 ft 
E-104 Polymerizer 
A-0 Q=100,000 Btu/hr each 
15 requir4d 
A=94.2 ft 12" x 14" 
x 30' Vogt 
Estimated Estimated 
Desiqn ~atkial Item(s) Cost Total Cost 
... 
3C0°C 316 SS 42,300 126.900 
full vac 
-00°C 316 SS 23,600 354,000 
full vac 
E-100 Polymerizer vent cond. -176'C 316 SS 22,900 45,600 
A-B( q=250,004 Stu/hr full vac 
A-275 ft * 
i t E-110 Harvester recycle 650°C Inconel 
* - 
40,000 200,000 
A-E cooler full vac 600 
9-1.17 1'2) Btu/hr 
As750 ft' 
Brown Fin Tube 
E-Ill Harvester vent condenser -176'C 316 SS 
A l 6 Q=210,000 p / h r  full vac 
A=1,241 ft 
E-112 SiF4 condenser -80°C 304 SS 
Q=220,00t) Etu/hr ' 70 psla 
As283 ft 
Doyle S Roth VF125U2-12H 
12' 3%"0 shell x 12' tubes 
1- 140 
%. 
d ' I .  e^1^1cslf-*~-!--.--.--=l.--------- ---.-..-r;*---. r-----nn^---r.".,*-r .ix."rulrrr ,-ln.u-^l^l^l^l.^l- 
Table 2.5-5 (continued) 
Estlwated Estimated 
Mater ia l  Item(s) Cost Total Cost - 1tm NO. Descr ipt ion Oes 1 gn 
E-117 Oowtherm coo ler  300°C 
Q"640,OOq Btu/hr 50 ps lg  
Am1 30 f t 
Brwm F i n  Tube 
E-118 Dowtherm heater 300°C 
50 kw e l e c t r i c  . 50 Psi9 
"Blowers 
1)-113 SiF recycle blower - 48Z°C 
12,ljoo cfm f u l l  vac 
Carpenter 75,000 75,000 
20 
8-118 A i r  cooler blobier Ambient 
5,000 cfm 
30 hp ,.. 
Reactors 
R-101 Reactor 
A-C 
1350°C Graphite, 150,000 450,000 
f u l l  vac 316 SS 
R-107 tarvester  600°C . Inconel 600 
f u l l  vac ' S t l l c o n  
Carblde 
R-I24 Rust treatment reactor $OO~C Graphite 40,000 40,000 
+ :  . 
- .  
Tanks . . 
TK-120 Dowtherm head tan%, 250°C tS 
(j 50 p s i  
TK-123 SiF surge tank 43°C 316 SS , 44,400 44,400 
29d4, 16' T / i  1,wo ps l  
TK-124 S i l i c o n  f w d  hoppers f u l l  vac CS 2 ,500 7,500 
A,B,C 3'6 x 6' T/T Ambieni 
---. . - 
.f< Bumps 
(7 
P-114 Vacuum pump 
'-1 
A-B 7.880 cfm 
Stokes rfiodel 1719 
P-119 Oowtherm c i r c u l a t i o n  300°C 
pump 30 ps ig  
150 gpm @ 100' head. 
\ P-120 Polymer pump 3,330 10,000 
A-C 433 l b /h r  
. 
O f f  s l t e s  r e f r i g e r a t i o n  
t package 600,000 
- 
I$ 
<\ i-_i EQUIPMENT TOTAL $2,382,300 
'C 
Table 2.5-6 c a p i t a i  Co&t - 1OOO MT/hr Plant 
DIRECT YATERIALS 
Equipment 
Piping ' 1 310,000 , 
E l e c t r i c a l  215,000 
Instrrmentm 105,000 
Insulation 81,WO 
Printing 7.000 
TOTAL DIRECT YJLlZPJALS 
DIRECT WIBOR 
Equipacnt Insta l lat ion  
I n s t a l l a t i o n  of Fie ld  Materiala 
Piping 4 215,000 
Electr ica l  145,000 
. I n s ~ e n t s  65,000 
Insulation 85,000 
Painting 18.000 
m A L  DZRSCP WLBOR 
1 
Il?DIRECT COSTS 
Construction averhead $ ~ 5 0 , 0 0 0  
Contractor's Fee ,, 79,000 
Rqineering 550,000 
TOTAL Ih3IFECT COST 
BUTLnIt!G A!:D FOUXDATIONS 
SULTrWAL ESTLWTE 
I CO1~TIt:GEt:CY 
TCTAL ES'iX.MATE 
Table 2.5-7 Capital  Cost - 330 MT/yr Plant  
DIRECT MATE= 
Equipment 
Fie ld  Uateriala 
piping 
E lec t r i ca l  
. Instruncnta 
4 Insulation 
Painting 
m t a l  Direct Materials 
DIRECT LAQOR 
Equiaan t  Ins t a l l a t ion  
143.000 
98. COO (-8 ., L .  
66,310 
35,800 
3,100 
$ 346.610 
Insta:lation of Field Materials 
Piping 113,000 
E lec t r i ca l  66,300 
Instrrreents 44,400 
Insulation 37.600 
Painting 7,900 
$ 269,200 
li Ilbtal Direct Labor ' 
'. $ 358.600 
1NDJD;RECT C O S E  I 
Contractoroa Overhead $ 51,000 
Contractoro a ~ e c  16,000 
Engineering 450,000 
l b t a l  Indirect  Cost 
- 
Building and Foundations 
i I Subtotal  Estimate 1' Contingency 
TOTAL E.TIt4AI-E $ 3,383,740 
4 
Table 2.5-8 1nves;~knt Comparison 
// 
. d4 
- ./ 
SlF4 PURIFICATIOrJ PROCESS 
&,..$, 
CAPITAL COST ESTII%TE COXPARISOiJ 
1000 M TON/YR PLANT 
EQUIPNEfrEMT COST 
1NCLa I N ,  
OPa COST 
KATZEN 
l m 7 8  
INSTALLATI ON, ETC , 5.50 2,75 
.\ 
CONTIfiGENCY 2,09 1,03 
TOTAL 9;'05 6;16 
f \I 
0 
Table 2.5-9 T o t a l  S i  Product Cost 
i 
) 
ESTIEUTIOiI  OF TOTAL PRODIJCT COST K I T H  SlXF, RECYCLE 
I S  PER KG SG SI PRODUCED) 
1, DIRECT MAXUFACTUR 1% 
1, RAW MATLS MG S l  1,09 KG X $ I , ~ / K G  /I 1.09 
S1F4 0 , 2 4  KG x $~.!I~/LB x 2 .2  LB/KG 0 .54  
2, DIRECT OPI LABOR 10 MEN/SHIFT 
/ 5 SKILLED @ ~ , ~ O / H R  X ,0372 = , 2 6  5 SEMI-SK 3 4 . 3 0 1 ~ ~  X ,0372 = ,13 . 0.44 
3, UTILIT~ES ELECTRICITY I ~ , ~ ' K \ ~ - H R  X $,O~/KW-HR 0.41 
REFRIGERANT [I.C)0155 f i f1 BTU x $ ~ S / M M  BTU 0.13 
9,015 MM BTU X $21,!1/~i.\ ETU 0.37 
4. SUPERVISION/CLFRICAL 15% OF 1,2 
I 0.07 f 
5, MAINT. & REPAIRS 10% OF FIXED CAhTAL($g.l PGY) 0.91 
... 
2, IND IRECf PIANUFACTUR INS 
3. PLANT OVERIIEN), 6% OF (1.2 + 1 . 4  + l / 2  1 , 5 )  
4, TOTAL lM2lUFACTURI NG COST 
. 5. GENERtlL EXPENSES, ADMIH/DIST, ti SALES/R s D 15T: OF ?IAN. COST 1.01 
(62) (63 (3x1 
60 TOTAL COST OF PRODUCT 
0 
S1F4 PURIFIC4TIOll PROCESS 
0 10 20 
. . 
FIXED CAPITAL, RRS 
. . . -. 
Figure 2.5.4 Sg s i l i c o n  product  cos t  vs. f i x e d  c a p i t a l  
investment f o r  SiF4 c o s t  o f  $1 and $2/ lb.  
3.0 CONCLUSIONS AND RECOMMENDATIONS 
Dur ing t h e  course o f  Motoro la 's  i n v e s t i g a t i o n  on t h e  (SiF2)x 
polymer p u r i f i c a t i o n  process as a low cost,  h igh  volume method o f  
p roduct ion  o f  semiconductor grade s i  1 i c o n  t h e  f o l l o w i n g  conclus ions 
have been made: 
(i) The low pro jec ted product  cos t  and shor t  energy payback 
t ime suggest t h a t  t he  economics of t h i s  process w i l l  r e s u l t  i n  a c o s t  
l e s s  than the  J.P.L.1D.O.E. goal of $ l O / ~ g .  
- 8 
(ii) During the  i n i t i a l  phases o f  t h e  i n v e s t i g a t i o n  t h e  s i l i c o n  
ana lys i s  procedure re1 i e d  heav i l y  on S.S .M.S. and E. S. ana lys is .  These 
ana lys i s  demonstrated t h a t  major p u r i f i c a t i o n  had occurred and some 
ana lys i s  were i n d i s t i n g u i s h a b l e  f rom semiconductor grade s i  1 i con  (except 
r, p o s s i b l y  f o r  phosphorus). However, more recent  e l e c t r i c a l  ana lys is  v i a  
c r y s t a l  growth reveal  t h a t  t he  product  s t i l l  contains compensated phos?horus 
and boron. Work on the  removal o r  c o n t r o l  o f  e l e c t r i c a l l y  a c t i v e  donors i- i' 
*r be and acceptors cou ld  y i e l d  a product s u i t a b l e  f o r  s o l a r  app l i ca t i on .  
i )  Fo l lowing a successful demonstration o f  t h e  p i l o t  f a c i l i t y ,  
t h e  process appears t o  be r e a d i l y  sca lab le  t o  a major s i l i c o n  p u r i f i c a t i o n  
f a c i l i t y  as was proposed by Motorola and R. Katzen. )= ----.. 
The above conclusions were based on t h e  f o l l o w i n g  observat ions: 
( j )  The 4 s tep p u r i f i c a t i o n  process can be conducted i n  a cont inuous 
and c y c l i c  manner. The products o f  each s tep are consumed i n  the fo l l ow ing  
I s tep  w i t h  the  SiF4 product  being i n d i s t i n g u i s h a b l e  from the  s t a r t i n g  ma te r ia l .  
( i i )  A l l  (95 t o  98%) SiF4 s t a r t i n g  ma te r ia l  i s  reclaimed as SiFl 
a t  t h e  complet ion of t he  cycle.  
(iii) Each s tep  has a h i g h  r e a c t i o n  e f f i c i ency  w i t h  s tep  1 equa l ing  
7040%; s tep  2 - '90%; s tep 3 >90% and step 4 >95%. 
- - 
( i v )  P u r i f i c a t i o n  occurs throughout the  process and S.S.M.S. and 
E. S. ana lys i s  on t h e  S i  being prepared i s  i n d i s t i n g u i s h a b l e  from semiconductor 
grade S i  (except poss ib l y  f o r  dopants such as boron and phosphorus). 
Furthermore, e l e c t r i i a l  r e s i s t i v i t i e s  on s i l i c o n  from the process . sug- 
gest t h a t  r e s i s t i v i t i e s  i n  the range o f  0.3 t o  1.0 ohm cm-' can be 
expected. These values are reasonable f o r  so la r  grade s i l i c o n .  
I 
7 (v)  The operat ion and app l i ca t ion  of the low pressure r i s e r  
?h and f l u i d i z e d  s i l i c o n  beds as s i l i c o n  reactors and harvesters represent 
a new technology fo r  low cos t  s i l i c o n  harvesting. 
( v i )  The d i r e c t  sca l ing o f  the near-continuous apparatus, 1 inch 
diameter packed bed reactor  (w i th  t ranspor t  rates o f  50 t o  75 gm S i l h r ) ,  
t o  a 5 inch diameter reactor  fo r  the S i  p i l o t  f a c i l i t y  i s  s t ra ight forward.  
Furthermore, a f t e r  p i l o t  p l a n t  conformation, the 5 inch diameter reac to r  
could a lso be scaled t o  achieve t ranspor t  ra tes  required f o r  a l a rge  scale 
production p lant .  
{ C i i )  Using the 1 Kglhr s i l i c o n  p u r i f i c a t i o n  f a c i l i t y  as a reference, 
a 1000 MT/yr f a c i l i t y  was a lso designed. An economic analysis o f - t h e  pro- 
posed 1000 MTIyr f a c i l i t y  suggests t ha t  a S i  product cost  o f  371Kg (Jan. 
1975 $) can be expected from such a plant .  
Over the past  3 years, Motorola has cons is ten t l y  recommended t h a t  
the i nves t i ga t i on  continue as d ic ta ted  by the program plan and milestone chart .  
Furthermore Motorola s t i l l  recommends t ha t  the p ro j ec t  be completed through 
the demonstration o f  the 1 Kglhr s i l i c o n  production f a c i l i t y .  This would 
a l low f o r  a more thorough eva luat ion o f  the economics and product p u r i t y  
and o ther  fac to rs  associated w i t h  the process. 
' I V .  NEW TECHNOLOGY 
The fo l l ow ing  new technology i tems have been uncovered du r ing  
t h i s  program. 
I. Descr ip t i on  - A Method of P r e p u r i f y i n g  mg S i l i c o n  Via Reduced 
Pressure Atmosphere Cont ro l  ; NASA Case No. NPO-14474 
Innovators  - W i l l  iam M. I n g l e  
Stephen !a!. Thonpson 
Robert E. Chaney 
Progress Reports - Technical Q u a r t e r l y  Report No. 6 
Pages - Report No. 6, Page 11-17 and Appendix 1 
Date Reported - December 9, 1977 
-- 
!(+- 11. D e s c r i p t i o n  - A Process f o r  Conversion Amorphous t o  C r y s t a l l i n e  
S i l i c o n  w i t h  Attendant P u r i f i c a t i o n ;  NASA Case No. NPO-14223 
Innovators - Wi l l i am M. I n g l e  
G i  1 be?t Vasquez 
Progress Reports - Technical Q u a r t e r l y  Report No. 5 
Pages - Report No. 5, Pages 11-19 
Date Reported - June 1977 
111. Desc r ip t i on  - A Quar tz  B a l l  Valve; NASA Case No. NPO-14473 
Innovators  - W i l l  iarr~ M. I n g l e  
Car l  Goetz 
Progress Reports - Technical Progress Report No. 18 - J u l y  1977 
Pages - Report No. 18, Pages 8, 9, and 10 
Date Reported - December 9, 1977 
I V .  D e s c r i p t i o n  - Apparatus fo r  Uniform (SiF ) Polymer Formation and 
l L ibe ra t i on ;  D.O. E. Case NO? 3-51 334 
Innovators  - Wi l l i am M. I n g l e  
Stephen W. Thompson 
I 
Progress Reports - Technical Q u a r t e r l y  Report No. 9 
Pages - Report No. 9, Pages 16-22 
Date Reported - Clay 1978 
- - 
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' , $: v. Descr ip t i on  - Low Pressure Pneumatic L i f t e r ;  D.O.E. Case No. S-52624 
Innovators - Stephen W. Thompson 
- 
Douglas W. Bennett  ) ,,/ -dX d' 
W i l l i a m  M. I n g l e  
Richard S. Rosler  
Progress Reports - F ina l  Report 
Pages - F i n a l  Report, Pages 
\ Date Reported. 
V I .  Desc r ip t i on  - Low Pressure F l u i d i z e d  Bed; D.O.E. Case No. 5-51694 
Innovators - W i l l  iam M. I n g l e  
Stephen W. Thompson 
Richard S. Rosler  
Progress Reports - Technical Q u a r t e r l y  Report No. 11 and F i n a l  Report 
Pages - Report No. 11, Pages 13-17; F i n a l  Report Pages 
V I I .  Desc r ip t i on  - S i l i c o n  Harvest ing Via a Duplex ( s ~ F * )  Vaporizer, 
, S i  F C.V.D. F l u i d i z e d  o r  L i f t e r  Bed ~ b ~ a r a t u s ;  
~ . 6 . # .  Case No. 5-51695 
Innovators - W i l l  iam M. I n g l e  
Richard S. Rosler  
, 
Stephen W. Thompson 
Progress Reports - Technical Q u a r t e r l y  Report No. 11, 
Pages - Report No. 11, Pages 13-1 7; F i n a l  Report, Pages 
V I I I .  Descr ip t ion  - Modi f ied  Apparatus f o r  Uniform (SIF )x  Polymer 
Formation and L ibe ra t i on ;  D.O.E. cage No. 5-51334 
Innovators - X i l l i a m  M. I n g l e  
Stephen W. Thompson 
Progress Reports - F ina l  Report Pages 
I 
i 
i I X .  Desc r ip t i on  - Removable S i l i c o n  Harvest ing Bed; - D.O. E. Case No. S-56665 i 
i Innovators - W i l l  iam M. I n g l e  
I 
I- Car l  A. Goetz 
Robert D. Darnel1 
;c' Progress Reports - Technical Q u a r t e r l y  No. 11, \ F Pages - Report No. 11, Pages 24-26; F i n a l  Report Pages 
I 
I 
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X. Descr ipt ion - High Vacuum, High Temperature, Non-contaminating, 
Low Cost Quar tz ITef l  on/Vi ton Seal . 
\ 
Innovators - Wil l iam M. INgle 
Carl  A. Goetz 
Progress Reports - Technical Quar te r l y  Report No. 11, 
Pages - Report No. 11 : Pages 22-24; F ina l  Report, Pages 
" -  - - .- v 
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APPENDIX I 
INTRODUCTION 
~ h e ' f o l l o w i n g  i s  a ser ies of thermodynamic c a l c u l a t i o n s  for the  
pred ic ted  SiF4 t o  SiFp conversion efficiencies for r e a c t i o n  s t e p  I i n  
/ the SiF4 t ranspor t  p u r i f i c a t i o n  process. The fol-owing assumptions were 
made: 
1) I d e a l i t y  o f  t h e  g a s e s  was assumed 
2) The s i l i c o n  bed c o n t a i n s  a l a r g e  e x c e s s  o f  S i  
3) The v a p o r  p r e s s u r e  o f  S i  a t  t h e  t e m p e r a t u r e s  i r .  
q u e s * t i o n  i s  n e g l i g i b l e  
4 )  Symbols u s e d  a r e  t h e  same as  t h e  JANAF T a b l e s  
/ -711 
' 5  
r , "  
11. CALCULATION OF AG OF REACTION 
I n  T a b l e  I a r e  l i s t e d  t h e  v a l u e s  o f  AGO f o r  S i F Z  and 
. S i F ,  a t  t h r e e  d i f f e r e n t  t e m p e r a t u r e s  u s e d  by b lo torola  ( 1 6 2 3 O ~ ) ,  
'i 
Margrave ( 1 4 2 3 ' ~ )  and P e a s e  ( 1 4 7 3 O ~ ) .  These  v a l u e s  were  i n t e r -  
. p o l a t e d  from t h e  1967 and t h e  1976 J A N A F  T a b l e s .  
Based on  t h e  t a b l e  v a l u e s  and s t a n d a r d  f r e e  energy  
r e l a t i o n s h i p s ,  
. A G r e a c t  i o n  = AGO + RT I n  K~ 
' f o r  S i F 4 ( g )  + S i ( s )  -t + 2SiF2(g)  2  
o ' ( s~F, )  AG = 2 AGf(SiF2) - AGO f ( S i F 4 )  + RT I n  F- , 
( S i F 4 )  
the A G r e a c t  i o n  was c a l c u l a t e d  from s e v e r a l  ? , Iotorola exper i r r~Gnta1 
runs a n d  f o r  t h e  s t a t e d  c o n d i t i o n s  o f  P e a s e  and Margrave. The . 
TEMPERATUPS (~cal/moh) 0 - 
C %(s~F,) - AGf(~i~4) (~callmole) - 
- - 
r e s u l t s  are l i s t e d  i n  T a b l e  11. Use o f  t h e  1967 t a b l e s  y i e l d s  
n e g a t i v e  free e n e r g i e s  under  a l l  c o n d i t i o n s ,  w h i l e  t h e  1976 
t a b l e  p roduces  p o s i t i v e  free e n e r g i e s  o f  r e a c t i o n .  T h i s  i n -  
d i c a t e s  t h a t ,  i n  a l l  cases, u s i n g  t h e  new JANAF T a b l e s  under  
t h e  s t a t e d  c o n d i t i o n s ,  no r e a c t i o n  would have  been o b s e r v e d .  
~ i ~ u r e  1 g r a p h i c a l l y  i l l u s t r a t e s  t h e s e  r e s u l t s .  The p a r a l l e l -  
ograms f o r  t h e  work o f  Margrave and of  P e a s e  i l l u s t r a t e  t h e  
r e p o r t e d  p r e s s u r e  r a n g e s  under  which t h e y  conduc ted  t h e i r  ex- 
p e r i m e n t s .  
. These  r e s u l t s  show t h e  e f f e c t s t h a t  a s m a l l  change i n  a 
0 large v a l u e  ( s u c h  a s  <5% i n  AGfcSiF ) )  c a n  have,when s m a l l  
d i f f e r e n c e s  i n  l a r g e  numbers a r e  u s e d  i n  c a l c u l a t i o n s .  
If t h e  l a tes t  JANAF v a l u e s  f o r  AG; are i n  q u e s t l o n  t h e n  t h e  
e n t h a l p y  v a l u e s  must a l s o  be s u s p e c t .  
I f  w e  were t o .  assume t h a t  t h e  sys tem d e s c r i b e d  on l i n e  
;EI 1 from T a b l e  I1 were a t  e q u i l i b r i u m ,  t h e n  AGreaction $ .  
= 8. 
% s F l l r t h e r  u s i n g  t h e  AGf(SiF o ) = -330.229 Kcal /mole  from t h e  
0 i 9 7 6  T a b l e  would g i v e  a  c f l c u l a t e d  v a l u e  f o r  AGf (SiF2) i .  i o f  
+->, 
- , -154.746, which l i e s  between t h e  two (1967 and 1976)  JANAF 
v a l u e s .  The % d i f f e r e n c e  is 2% from t h e  1976 JANAF v a l u e .  
111. CALCULATION OF % CONVERSION ( a )  
I n  t h e  r e a c t i o n ,  
li 
- S i F 4 ( g )  + S i ( s )  + 2 S i P 2 ( g ) ,  
<- 
l e t  a  be t h e  d e g r e e  o f  r e a c t i o n  o r  p e r c e n t  c o n v e r s i o n  o f  SiF4 
t o  S iF2 .  Thus,  t h e  c o n c e n t r a t i o n  of S iF2  = 2 a ,  SiF4 = 1-a 
i and  S i  = 1-a. Again, assuming S i  is i n  e x c e s s  and t h e  vapor  
p r e s s u r e  n e g l i g i b l e ,  t h e  t o t a l  number of  moles  i n  t h e  gas 
stream is ( l + a )  t i m e s  t h e  o r i g i n a l  c o n t e n t  of SiF4 and 
I 
d L 
' t 
ct:r 5, -1 
I - 5 "  - - Y - -  . , - .  - -  . , 
. 
- . i- --- 
I ? .  
r: * ,  
TABLE I1 
l p  T (Torr) (OK) 
1 )  Motorola (2 )  0.2 1623 
2) Motorola (3)  0.7 1623 
3) Motorola 
. /-Ye 
20 1623 
T 
.-,.-)"'~ot ro 1 a 2.2 1623 
5) Margrave (4)  0.2 1423 
6) Margrave 0.1 I423 
7) Pease (5)  3 - 1473 
( i n l e t )  
% E f f .  
(a) 
, 
77 ; 
74.0 
34.9 
53.8 
65 
65 
40 
8 )  Pease 
' S ~ F ~  
(Torr) 
-- 
. l a 5  
.518 
6.98 
1.184 
0.13 
.065 
1.2 
'S i~~ 
(Torr) 
Calculations 
8 
+- 
- - (1) Pressures i n  atmospheres -* 
- (2)  Motorola Quarterly Report No. 6 - batch reactor  
(3)  Motorola Monthly Report #25, Table I1 - near continuous reactor 
(4 )  J. Arner. Chem. Soc. 87, 3819 (65); reported pressure from 0.2 t o  0.1 t o r r  
(5)  U . S .  Patent #2,840,588, 1958; reported pressure from 3 t o  0.05 t o r r  
. . 
. . 
. . . - - - . ....-....-I _._-_. .__,.  . . . -.. . . - ._. 1 - -1 - - - -.. ..-..- ..-- . ". . '
.. . 
. . .. . . . --- - - - _  ---.-.-----... - -  .. , - .-. . - - " 
,)+- . . 
- .  
- 4 .. - -.. I-. --.- -..-. . ----- - 
--.--- . . --- - . . * - .  - . - 
. - .  
. ., ... . - - - - .  C . ...--- l--.-..l--_____ _ - - -.__-__ _,. -. , __ 
. .. . 
. . . . .  
. . 
- -  . ------.- _- ."... " ---.- - -..--- .. - - - .  ias d-d. on .-,- sis 
- .. - 
- 
- - 
. - _ _ _ _ _  _. A ______. ._ . . -..- - - .---. 0 . .- -.. JANAF .. - --. values .. 
. . .. .. ... ._ -.-. . _ _  _.._. _ _ _  Based M 1967 
--*-' JANAF Values- - -  +m- . - -- -. . -.-- - ---------- ---- --.-.- .. .---- -.-- *- . ..-- 
. > 
. .-.- - _. , .. -. -. , - --_ . - . - 
--,+I* - . - --- -- -- - - - -  a_-__ 
- - 
.- .. .-- . .-- . . .  
- .. . 
.--..--.. - - . . _ . _  
. : . . . -  ! . .  
- 
. * - - - - - - - . - .  - 
- - . - "  . - . . -. - - -..- - . 
- --. .- - - .-.- ... - - --. 
, --i 
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based oh valugs frob @.oth the 1,967 an8 !876 JANAF 
, values f o r  AGf, o f  S i F i  end: SiFq 
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2 3. i .-;, 
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I 
where  p is t h e  p a r t i a l  p r e s s u r e  of t h e  g a s  and Pt is t h e  
to ta l  p r e s s u r e .  
A t  e q u i l i b r i u m ,  AGreaction = 0 and 
Using t h e  two JANAF T a b l e s  i n  q u e s t i o n ,  t h e  v a l u e s  f o r  
K were c a l c u l a t e d  f o r  t h e  t h r e e  t e m p e r a t u r e s  d i s c u s s e d  above.  
P 
T h i s  a l l o w e d  t h e  r e l a t i o n s h i p  hetween a and t o t a l  p r e s s u r e  
to  b e  c a l c u l a t e d .  F i g u r e  2 sholvs t h e  c u r v e s  f o r  1 4 2 3 O ~ .  The 
b a r  i l l u s t r a t e s  t h e  r e s u l t s  o f  Margrave ' s  work. S i m i l a r l y  i n  I 
F i g u r e  3 , P e a s e 1 S r e s u l t s  a r e  superimposed on t h e  c u r v e  f o r  
1 4 7 3 ~ ~ .  I n  F i g u r e  4 are shown t h e  t h e o r e t i c a l  c u r v e s  f o r  1 6 2 3 O ~ .  
. I 
The l a r g e  d i f f e r e n c e  i n  t h e  c u r v e s  f o r  e a c h  c a s e  arise from 
I t a k i n g  t h e . s m a l 1  d i f f e r e n c e s  between l a r g e  numbers and t h e n  r a i s i n g  
It them t o  a n  exponen t .  
The 1 6 2 3 ~ ~  r e s u l t s  a r e  p a r t i c u l a r l y  i n f  e r e s t i n g .  I f  
w e  t a k e  s e v e r a l  examples o f  o u r  e x p e r i m e n t a l  d a t a  t a k e n  under  
a v a r i e t y  o f  c o n d i t i o n s  and equipment  as shown i n  ~ i ~ u r k  4 ,  
;a% @-- w e  see t h a t  t h e y  f a l l  n e a r  a c u r v e  between t h o s e  p r e d i c t e d  by 
< P 
- 1 
_.I-_ _----a - " 



0 1967 and 1976 JANAF Tab le s .  Again, c a l c u l a t i o n  of AGf(SiF ) 
u s i n g  t h e  durve  C ) ,  and u s i n g  t h e  1976 v a l u e  for A G & ~ ~ ~  ) 2 
y i e l d s  -153,621 Kcal/mole, i n t e r m e d i a t e l y  between t h e  4 
r e p o r t e d  v a l u e s  and 1 . 3  5 d i f f e r e n t  t han  t h e  1976 va lue .  
I V . CONCLUSIONS 
These r e s u l t s  l e a d  t o  t h e  i n e s c a p a b l e  conc lus ion  t h a t  
t h e  v a l u e s  l i s t e d  i n  t h e  J A N A F  Table ( p a r t i c u l a r l y  1976) are 
s u s p e c t .  Me submit t h a t  M o t o r o l a f s  r e p o r t e d  exper imenta l  
convers ion  e f f i c i e n c i e s  are c o n s i s t e n t  w i t h  t h e c r e t i c a l  
c a l c u l a t i o n s  and t h e  independent work o f  Pease  and Margrave. 
